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ABSTRACT 
 Understanding why animals make the foraging choices they do has been an 
interdisciplinary research goal for decades. This question is especially salient in 
biological anthropology, as we seek to understand how the human diet evolved by 
looking to non-human primate models. Optimal Foraging Theory (OFT), and more 
recently the Geometric Framework for Nutrition (GF) and Movement Ecology paradigms 
provide models and heuristics that aid in our understanding of what drives the foraging 
decisions of animals. Yet until recently, most research examining the foraging decisions 
of frugivorous herbivores has focused on the OFT based strategy of maximizing and 
obtaining fruit foods. My research examines alternative nutrient priorities in a 
frugivorous primate, the Bornean orangutan (Pongo pygmaeus wurmbii), to determine 
whether fruit-seeking and energy maximization form a sufficient explanation of foraging 
behavior.  
Using behavioral and geospatial data from full-day focal animal follows collected 
in 2015-2016 in Gunung Palung National Park, I first demonstrate that orangutans leave 
available fruit resources to eat non-fruit foods, suggesting that orangutans are 
	
	 x 
intentionally seeking out non-fruit foods, and clearing the way for a foraging model 
beyond strict energy maximization via fruit seeking. Further, I find that orangutans do 
consume non-fruit food when fruit is in visual proximity. I next test whether the Marginal 
Value Theorem (MVT) of OFT can account for these fruit patch departures by testing one 
critical assumption of MVT – that feeding rates in a patch decrease over time. Feeding 
rates did not decrease over patch residence, thus MVT does not explain orangutan fruit 
patch departures. Instead, I find that orangutans maintain an average 10:1 ratio of non-
protein energy to protein, and prioritize protein intake. These findings could explain fruit 
departure. Geospatial data suggest that fruit is not the only goal of orangutan foraging 
and that these apes navigate to other food types, in particular, leaves. Taken together, 
these findings suggest that GF provides a good explanation of orangutan foraging in 
tandem with OFT energy maximization. I discuss the similarities in nutrient goals 
between orangutans, modern humans, and extinct hominins, and the conservation 
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CHAPTER ONE. INTRODUCTION 
Overview 
Foraging and feeding behavior impact every element of an organism’s life, and 
because of this, a large body of interdisciplinary research has investigated why an 
organism makes the foraging choices that it does. In biological anthropology, this 
question takes on unique importance, as we seek to understand how the diet changed 
during human evolution by looking to non-human primate models, and as we examine the 
propensity for diet related disorders in humans and our non-human primate relatives. The 
question is also an important driver of ecological, nutrition, and conservation inquiry. For 
50 years, Optimal Foraging Theory has been the predominant theory explaining why 
animals choose to eat what they eat, and Optimal Foraging Theory has been supported in 
organisms from insects to mammals. Recently, however, the Geometric Framework for 
Nutrition has provided an alternative or supplementary framework that provides 
additional explanation regarding the feeding choices of many taxa and even regarding 
trends in human obesity in America. The research presented here explores these two 
paradigms, Optimal Foraging Theory and the Geometric Framework for Nutrition, with 
the goal of better understanding the nuances of wild Bornean orangutan (Pongo 
pygmaeus wurmbii) foraging beyond energy maximization. Specifically, I assess the fit of 
elements of these paradigms to orangutan foraging, then provide a characterization of the 
macronutrient intake and balance in the diet of wild orangutan, and investigate how this 
intake and balance changes with variables like fruit availability and age-sex class. I also 




goals of wild orangutans. I use these data to explore primate and orangutan conservation, 
and the evolution of the human diet. 
The Importance of Foraging 
Diet and foraging are often cited as integral components of primate evolution 
(Cartmill, 1972; Milton, 1981; Sussman, 1991). In an authoritative text on primate 
adaptation and evolution, Fleagle (2013) observes that diet is the most important factor in 
understanding the behavior and ecology of primates, and drives evolutionary differences 
among primate taxa. Primates, like many other taxa, exhibit specialized morphology that 
allows them to find, capture, process, and consume foods (Altmann, 2006; Cartmill, 
1972; Dominy et al., 2006; Lambert, 1998; Lambert, 2011; McGraw & Daegling, 2012; 
Taylor, 2009; Vogel et al., 2008). In extant primates, food availability and foraging 
behaviors impact reproduction (Altmann, 1980; Altmann, 1983; Altmann et al., 1978; 
Cheney et al., 1986; Dunbar & Dunbar, 1988; Emery Thompson, 2005; Emery Thompson 
& Wrangham, 2008; Gaulin & Konner, 1977; Knott, 2001; Lee, 1987; Lindburg, 1987; 
Sadleier, 1969; Strum & Western, 1982; van Schaik & van Noordwijk, 1985; Whitten, 
1982), cognitive abilities (Cunningham & Janson, 2013; Janson, 1998; Janson & Byrne, 
2007; Luhrs et al., 2009; Milton, 1981; Porter & Garber, 2013), social organization 
(Aureli et al., 2008; Chapman et al., 1995; Emery Thompson et al., 2010; Hawkes et al., 
1997; Isbell & Young, 2002; Janson & Vogel, 2006; Knott et al., 2008; Sterck et al., 
1997; Sugardjito et al., 1987; van Schaik, 1996; Wich et al., 2006a; Wrangham, 1980), 
habitat selection and use of habitat (Beisner & Isbell, 2009; Bryne & Noser, 2009; 




DiFiore, 2003; Doran-Sheehy et al., 2004; Erinjery et al., 2015; Hemingway & Bynum, 
2005; Robbins & Hohmann, 2006). Wild primates spend most of their waking hours 
eating, and many behaviors of wild primates are aimed at accessing, defending, and 
consuming food (Clutton-Brock, 1977; Terborgh & Janson, 1986; Wrangham, 1980). 
While a great amount of research has been conducted on primate foraging behavior 
(Fleagle, 2013), many important questions still remain, and many new approaches and 
hypotheses support continued investigation into this line of research.  
Defined broadly, a foraging strategy is a suite of behavioral and morphological 
characteristics of an animal that are used in the procurement and utilization of food 
(Milton, 1980). In an evolutionary context, we expect an animal’s foraging strategy to 
improve its fitness – which involves a tradeoff between energy and macronutrient intake 
and energetic output that the foraging strategy requires. Foraging strategies can thus be 
assessed via the efficiency of foraging – which should ideally be measured in a unit that 
reflects fitness. To date efficiency of foraging is most commonly measured as net energy 
yield per unit of foraging time (Milton, 1980; Pyke, 1984; Stephens & Krebs, 1986), 
though more recent experimental research assesses the true evolutionary fitness 
(measured by growth and/or reproductive success including egg production and male call 
efficacy) of organisms as a result of foraging choices (Dussutour et al., 2010; Maklakov 
et al., 2008).  
Models of Foraging Strategies 
Both the goals and measures of foraging efficiency are addressed empirically 




why an animal makes the foraging choices it does, and investigate how these choices 
impact the organism’s fitness. Over the past half-century, many models have been 
proposed to explain animal foraging.  
Optimal Foraging Theory 
The most widely accepted theory in foraging research is Optimal Foraging Theory 
(OFT). OFT, at the most simple level, suggests that an animal will make feeding choices 
that maximize the intake of energy or a nutrient (or minimize the intake of toxins) over 
time (Stephens & Krebs, 1986). OFT is based on the premise that the foraging of an 
animal has been optimized through natural selection (Emlen, 1966; MacArthur & Pianka, 
1966). In more specific terms, OFT uses economic optimality theory to determine which 
prey items an animal will choose to pursue and consume. This decision is based on a 
currency that is either maximized or minimized over time [economic optimality theory 
also allows for stabilization of the currency, but this does not necessarily apply to 
foraging (Stephens & Krebs, 1986)]. A currency is, in essence, the “goal” of the animal’s 
foraging decisions. The most commonly cited goal of foraging from an OFT perspective 
is energy maximization, and thus the currency is energy intake and a forager should 
maximize energy intake over time (MacArthur & Pianka, 1966; Pyke, 1984; Stephens & 
Krebs, 1986). A Google Scholar web search of “Optimal Foraging Theory” yields more 
than 305,000 results, demonstrating the wide acceptance and use (and criticism) of this 
theory. I will present a brief overview here, but suggest Schoener, (1971) or Stephens and 
Krebs (1986) for a more comprehensive overview of the theoretical basis for OFT. 




time. The Prey Model of OFT suggests that food items can be ranked in order of 
profitability, or the energy (or other nutrient currency) divided by time to find, capture, 
handle, and consume the prey. Using this approach, each food item can be assigned a 
value, Ex/T (energy for that food (x) /time). When food types are compared, food with the 
highest Ex/T should be selected, whereas foods with the lowest Ex/T should be passed by 
(Emlen, 1966; Pyke et al., 1977; Schoener, 1971, 1987; Stephens & Krebs, 1986). This 
model was adapted for animals that consume foods occurring in patches, such as tree 
resources with fruits or the nests of social insects, into the Patch Model (Krebs et al., 
1974; Pyke et al., 1977; Schoener, 1971; Stephens & Krebs, 1986). In this case, the patch 
can (1) be viewed like a prey item, or (2) elements like patch depression (the reduction in 
food intake rate over time as a patch is depleted by a forager) can be considered (Krebs et 
al., 1974; Pyke et al., 1977; Schoener, 1971; Stephens & Krebs, 1986). The most 
commonly utilized supplementary model of patch use is the Marginal Value Theory, 
described below and in Chapter 3 (Charnov, 1976). OFT has been well supported in the 
foraging literature in a variety of taxa including insects (feeding and oviposition), 
arthropods, fish, birds, and mammals (Hower & Hartl, 1982; Hughes & Seed, 1981; 
Jaeger & Rubin, 1982; Jaenike & Rubin, 1982; Kislalioglu & Gibson, 1976; Krebs et al., 
1974). OFT has also been supported in the primate literature (Altmann, 1998; Altmann & 
Wagner, 1978; Sayers et al., 2010), including research that accounts for the sociality of 
primates, a complex factor that impacts foraging decisions (Baritell et al., 2009; Janson & 




A recent study on OFT in primates provides detail on several predictions of 
optimality and patch use, and assesses how well the feeding of Himalayan langurs 
conforms to these predictions (Sayers et al., 2010). In this research, the Prey Model of 
OFT, modified for patch use (treating a patch like prey, but employing modifications for 
search cost) was tested in a wild population of Himalayan langurs foraging in a highly 
seasonal mountain habitat. Currencies in this study were metabolizable energy, 
metabolizable energy accounting for fiber digestion, and crude protein (each examined 
separately). While overall the authors note that OFT was supported in this research, there 
are several caveats to that claim. First, Sayers et al. (2010) tested the OFT prediction that 
only the patch types with profitability above the ranked habitat threshold (the highest 
long-term currency gain over time, as compared to habitat availability) will be exploited. 
This hypothesis was not supported – the macaques consistently chose patches that were 
below the profitability threshold of the habitat. Next, the hypothesis that more profitable 
patches will be preferred was tested. This was supposed for all currencies (metabolizable 
energy, metabolizable energy including digestible fiber, and crude protein) when 
quantified as contribution to the diet (percent of organic matter). In contrast, when 
viewed by feeding time, more profitable items were not preferred.  The next hypothesis 
tested was that during periods when profitable foods are more often encountered, 
selectivity will increase. This prediction was supported when controlling for food 
availability, but was otherwise not supported. Finally, Sayers et al. (2010) tested the 
prediction that selectivity is not dependent on encounter rates for low-ranking patch 




metabolizable energy and metabolizable energy including digestible fiber for adult males. 
The selectivity of juvenile monkeys ran counter to these predictions, though this could be 
explained by inexperience and low skill in foraging (Sayers et al., 2010). As above, 
overall, this study provides support for the predictions of OFT, but in this study, three 
different currencies were examined separately (see criticisms below), and the finding that 
macaques consistently selected patches that were lower in profitability than the model 
predicted leads me to ask why these monkeys made less-than-optimal decisions, and 
whether there are other nutrient strategies that primates utilize. 
 
Optimal Foraging Theory and Constraints 
While the primary goal of an optimal forager is considered the currency, OFT 
does recognize that other food components may play a role in foraging decisions. These 
other components are termed constraints, and can be factored in to models of OFT 
(Stephens & Krebs, 1986), although OFT models are still based on energy or nutrient 
maximization (or minimization) and constraints are largely considered minor variables in 
an optimal forager’s dietary choices.  Some have criticized the strict focus of these 
models as being too simplistic, and for ignoring the complex interactions between foods 
and nutrient needs – this is, in particular, a challenge in understanding the diet choices of 
herbivores (Pierce & Ollason, 1987; Pyke, 1984; Rapport, 1980). OFT justifies focusing 
on one currency and considering other nutrient needs as constraints by noting that (1) 
often in plants the concentration of energy and protein are correlated, (2) that herbivores 




allowing the ability to detect specific nutrients beyond sodium, and water, and (3) many 
herbivores can synthesize most amino acids and essential nutrients (Stephens & Krebs, 
1986). This characterization of herbivore foraging does not seem appropriate to most 
primates, or to orangutans in particular. The fruits that orangutans and other primates eat 
are often energy rich and highly digestible, but very low in protein (Milton, 1999). 
Further, the lack of knowledge of a mechanism to detect specific nutrients does not 
indicate that these mechanisms don’t exist – this will be addressed further below. And 
while the ability to synthesize most amino acids means that primates may not need to 
consume these specific contents, primates need to consume nitrogen, which has been 
found to be a limiting resource in orangutan nutrition (Vogel et al., 2012) and to many 
organisms’ nutrition (White, 1993).  
While OFT has provided testable hypotheses in foraging research, the criticisms 
noted above led to new theories of foraging strategies attempting to capture other details 
of the ecological choices an animal must make when feeding. Charnov (1976) introduced 
the Marginal Value Theorem (MVT) to OFT research. This provided a model that takes 
into account ecological patchiness and suggests that a consumer (predator) should leave 
food patches of all types at the same marginal value (the habitat average) of energy 
intake. MVT serves as a supplement to OFT, and utilizes energy as the primary currency 
for foraging efficiency, but attempts to explain patch departure when there is still an 
available high-energy food. Specifically, MVT suggests that a forager will leave a patch 
when the intake rate in that patch falls below the marginal intake rate of the habitat — or 




forager should leave the patch to find other resources based on the average intake rate of 
the habitat (Charnov, 1976). Grether et al. (1992) attempted to apply MVT to two 
sympatric gibbon species [Hylobates lar and H. (now Symphalangus) syndactylus], and 
found that gibbons did not adjust the time spent in a patch to maximize energy. Thus, the 
predictions of this model were not supported for this primate community. Similarly, 
Nakagawa (1990) found that feeding rate in Japanese macaques (Macaca fuscata) barely 
decreased during patch residence.  
 Other researchers looked outside of energy for a currency to serve as a proxy for 
foraging efficiency. Protein was proposed as a nutrient that primates should maximize 
(thus a currency in foraging strategies) because protein intake is integral to growth, 
health, and reproduction. The availability of protein, and nitrogen in particular, in the 
environment is known to limit organismal growth, health and reproductive success in all 
organisms (White, 1993). Protein does not, however, appear to be a strong enough single 
nutrient proxy in primate foraging (Felton et al., 2009a; Felton et al., 2009b; Oftedal et 
al., 1991).  
 Freeland and Janzen (1974) developed a model for herbivore foraging suggesting 
that plant secondary compounds and other toxins (PSCs) should be a limiting factor in 
foraging decisions. These authors note that, in contrast to the diet of a carnivore, much of 
the diet of an herbivore includes protected or indigestible plant materials that either limit 
nutrient content or are toxic at certain levels to the consumer. This model is intended for 
large herbivores (and especially a grazing herbivore), and thus assumes that these 




instead that these animals should seek out quality foods over quantity. For this reason, 
Freeland and Janzen’s (1974) model is likely a better model for folivorous primates than 
frugivorous primates. Indeed, a study of howler monkeys provided initial support for this 
model (Milton, 1979, 1980). In primate foraging studies, though, PSCs are often difficult 
to study for several reasons. First, tannin testing methodologies differ and reliability is a 
concern (Rothman et al., 2012). Second, we do not fully understand the individual 
impacts of PSCs on foraging primates, nor have all potential PSCs been identified 
(Lambert, 2011; Rothman et al., 2012). Third, PSCs likely have different effects on 
different species, and species may have evolved some adaptations to deal with these 
compounds. Finally, we do not understand how PSCs and other materials in foods 
interact – while some food components might increase the toxicity of PSCs, others may 
counteract these effects (Altmann, 1998; Felton et al., 2009a; Lambert, 2011; Rothman et 
al., 2012).  
 Westoby (1974) deviated from OFT to suggest that research cannot focus on a 
single item or currency to predict the foraging strategy of herbivores. Whereas the 
modeling of OFT uses a linear approach in which one element is maximized in a linear 
fashion given constraints of other nutrient needs, Westoby (1974) proposes that a non-
linear approach to examine the relationship between an individual nutrient in a food and 
the animal’s preference for that food.  In this model, large generalist herbivores should 
attempt to optimize the nutrient mix within a total consumable and digestible amount of 
food. This theory assumes that plant resources are low in nutritional value (relative to 




a large generalist herbivore makes should allow them to obtain a certain level of many 
required nutrients in the smallest bulk and amount of time. While this theory does begin 
to explain primates eating a variety of foods and instances where primates leave fruit (a 
high energy food) to consume leaves or other lower energy resources (Grether et al., 
1992; Milton, 1980), the framework was difficult to test and provides complex 
predictions at best.  
 Rapport (1980) provided a framework and the underpinnings of a methodology 
that seem to resolve the difficulty in applying Westoby’s (1974) theory. Rapport (1980) 
modified OFT with the recognition that food resources are often complementary. This 
model suggests that energy is not the only (nor the primary) driving force behind foraging 
choices, and that the strategies of herbivores should be to consume multiple nutrients to 
build a balanced diet. In particular, herbivores should be seen not as maximizing energy 
intake, but rather selecting foods that contain complementary mixtures of many dietary 
components (Rapport, 1980). These concerns are echoed throughout primate foraging 
literature, often wrapped into “the packaging problem”, or the dilemma of a generalist 
feeder that all foods carry both vital resources and risks, and no single food provides a 
complete and adequate diet (Altmann, 1998; Lambert & Rothman, 2015; Oftedal et al., 
1991). Rapport’s (1980) insight provided a foundation that would be explored in 





Geometric Framework for Nutrition 
In response to the criticisms of OFT, the Geometric Framework for Nutrition 
(GF) was developed as a method-based approach to explain the foraging decisions of an 
organism (Raubenheimer & Simpson, 1997; Simpson & Raubenheimer, 1995, 1997, 
2012). GF relies on the assumption that an organism requires multiple nutrient 
components in a balance, and that achieving this requirement involves a complex strategy 
of selecting from available foods, each consisting of different proportions of these 
nutrients (Simpson & Raubenheimer, 2012). GF, which is becoming an important tool in 
primate foraging studies, does not seek to replace the linear approaches to foraging theory 
characterized by OFT, but rather to provide complementary information and to address 
additional levels of complexity. Specifically, using the tools of GF one can identify 
nutrient balance strategies and test the impacts of not meeting this balance.  
GF allows for analysis of multiple relevant food or foraging components and the 
interactive effect of these components in a nutrient space (Raubenheimer & Simpson, 
1997; Raubenheimer et al., 2009). The nutrient space is a visualization tool where 
nutrients or food components that are suspected to play a role in the organism’s feeding 
choices are represented in two (or more) axes. Within this geometric nutrient space, the 
organism’s intake target (the ideal ratio of balanced nutrients, essentially a requirement) 
can be plotted as a line (with the slope equal to the ideal ratio) or a point (if the animal 
must restrict energy intake to a certain target). Using this ideal intake target as a 
backdrop, we can see how the organism responds to a variety of foods containing 




could maintain an intake target balance of Component A and Component B. If given 
foods 1 and 2, that do not fall along the rail of the intake target, the organism would be 
expected to consume some of both foods so as to maintain a balance toward its intake 
target.  
 
Figure 1.1. Hypothetical example of nutrient balancing where an organism maintains a 
ratio of Components B:A (Intake Target). If presented with foods 1 and 2, the organism will 
not consume one or the other foods only, and instead will consume both in quantities to 
achieve its intake target.  
 
Once you can visualize the intake target as a ratio that the organism attempts to 
maintain, GF permits a look at nutrients that an organism prioritizes, or consumes within 
a certain range. Nutrient priorities, such as consuming a tightly defended range of protein 
(protein prioritization), could be set because consuming too much or too little of that 
nutrient would be less than optimal to the diet (Simpson & Raubenheimer, 2012). This is 
in contrast to, but not necessarily mutually exclusive from, the maximization and 




GF was first introduced in captive insect studies, where control of intake and food 
options can be maintained, tests at different phases of the life cycle can occur more 
quickly than in many taxa, and optimality can be directly measured as longevity of life 
and/or direct reproductive success. In early GF studies, nymphs of the African migratory 
locusts (Locusta migratoria) were provided with food choices varying in percent protein 
to percent carbohydrate ratio (Chambers et al., 1995). The locusts consistently chose 
foods in a combination that maintained a balance that was not identical to any of the food 
choices, nor to the average of the food choices (if the animals had eaten each food type 
equally without regard to nutrient balance.) Similar results have been obtained in studies 
of German cockroaches (Raubenheimer & Jones, 2006) and a generalist caterpillar, 
Spodoptera littoralis (Lee et al., 2002), as well as for many other taxa (Kyriazakis et al., 
1990; Raubenheimer & Simpson, 1997; Simpson & Raubenheimer, 1997, 2012; Sørensen 
et al., 2008; Webster, 1993).  
Possibly the most salient demonstration of both nutrient balancing and 
prioritization (in this case protein) for the purposes of this research comes from studies on 
human volunteers housed in a research environment where their food options were 
controlled for several days. Simpson et al. (2003) demonstrated that humans, when 
allowed free choice of food quantities from a selected diet, will consume a consistent 
amount of protein (baseline). When only foods containing low protein and high fat and 
carbohydrate were offered, these volunteers consumed the same amount of protein, but 
overate carbohydrates and fat compared to the baseline. In contrast, when later offered 




target protein level but consumed less carbohydrate and fat as compared to the baseline. 
This result was replicated in research in which the nutrient content of foods was altered, 
but the taste was maintained, controlling for taste preference (Gosby et al., 2011.)  
Controlled GF research has also been able to translate food intake into 
evolutionary “optimality” in terms of reproductive success, performance, and/or 
longevity of life. In research with the slime mold Physarum polycephalum, Dussutour et 
al. (2010) demonstrate this single-celled organism lacking a coordination center will 
select nutrient balances conducive to optimal growth. First, it was determined that slime 
mold can survive in a medium of carbohydrate only. Yet when these slime molds were 
placed in environments with foods of varying protein-carbohydrate concentration, they 
grew so that they could consume a 2:1 ratio of protein to carbohydrate. This intake ratio 
also yielded maximum performance (density, area, growth). These findings suggest a 
basic evolved adaptation toward selective foraging that allows for maximum growth in a 
single-celled organism.  
Research on field crickets (Teleogryllus commodus) demonstrates not only that 
these organisms select a nutrient balance that is conducive to reproductive success, but 
that there can be differences between sexes in this optimal nutrient balance (Maklakov et 
al., 2008). In this controlled research, Maklakov et al. (2008) found that the longevity of 
life of both male and female crickets was maximized on a high-carbohydrate, low-protein 
diet. Yet when allowed to feed freely, the crickets made sexually dimorphic feeding 
choices that yielded higher reproductive success (calling in males and egg-laying in 




More realistically, though, animals in the wild are rarely faced with the 
opportunity to select nutritionally balanced foods, and thus must seek out complementary 
foods. In the cases where complementary nutritionally imbalanced foods are rare or 
deplete, according to GF, the animal engages a “rule of compromise”, wherein it over-
eats some nutrients and under-eats others in order to balance or defend nutrient 
requirements (Simpson & Raubenheimer, 2012). This can be accomplished in many 
ways. Sifaka (Propithecus diadema) maintain a nutrient balance (available protein to 
non-protein energy), but during lean seasons consume fewer calories as a strategy to use 
available foods to meet this ratio (Irwin et al., 2015). Felton (2009b) used GF to model 
the foraging strategies of wild Peruvian spider monkeys (Ateles chamek). She found that 
these monkeys utilize “protein dominated macronutrient balancing”. This does not mean 
that spider monkeys seek to maximize protein levels, but rather that these monkeys seek 
out a certain (stable) amount of protein daily, and let other macronutrients (carbohydrate, 
lipid, and energy) vary in order to achieve this stable protein amount. In contrast, wild 
mountain gorillas (Gorilla gorilla beringei), are often described as living in a salad bowl, 
as they consume mostly herbivorous plants and leaves on or near the ground (Pilbeam, 
1986). This makes protein seemingly more available for gorillas (Rothman et al., 2011). 
When fruit is high, 16% of gorilla caloric intake is available protein, similar to that of 
human diet recommendations (Rothman et al., 2011). Yet when fruit is low, 26–29% of 
gorilla caloric intake is available protein – this protein intake is equivalent to, or higher 
than, human high-protein weight loss diets (Rothman et al., 2011), but is necessary to 




rule of compromise for gorillas is to allow protein to exceed ideal levels in order to intake 
sufficient non-protein energy (Rothman et al., 2011). 
 
Criticisms of the Geometric Framework for Nutrition 
GF is not without critics, however. These criticisms, to the best of my knowledge, 
are unpublished, as GF is conceptualized by most as a tool and not a theoretical 
framework (discussed below), but these criticisms are discussed in Simpson and 
Raubenheimer (2012). One criticism of GF is that we have not identified receptors and 
specific hungers for nutrients other than energy, salt and water, which makes it difficult 
to understand how animals mechanistically could detect levels of nutrients to balance 
(Simpson & Raubenheimer, 2012; Stephens & Krebs, 1986; Westoby, 1974). First, and 
most obviously, the lack of discovery is not equivalent to the lack of existence. Still, if 
we assume that there are no receptors that stimulate foraging behavior toward protein and 
other nutrients, it is still possible that an organism would be capable of learning to seek 
these nutrients. This process would involve an organism consuming the food and learning 
from the post-ingestive experience of the food (associating the food with the physical 
feelings and responses after eating). This is not a new line of thought – food aversions 
have been documented in many organisms for decades (Garcia et al., 1955). Thus, it does 
not seem a far leap to suggest that an animal could also learn positive associations 
between foods and the post-ingestive responses they cause, leading to a phagostimulatory 
response toward that food when the animal is seeking that post-ingestive experience 




which this could happen. For example, in locusts deprived of protein, but consuming 
ample sugar, amino acid levels in the blood decrease, and blood sugar increases 
(Abisgold & Simpson, 1987; Zanotto et al., 1996). This causes an increase in the 
responsiveness to amino acids of taste receptors such that the animals seek foods that 
contain amino acids, and ignore foods that contain sugar. Thus, this research 
demonstrates a mechanism wherein nutrient-specific feedback alters the responses of an 
animal toward tasting what it needs physiologically (Abisgold & Simpson, 1987, 1988; 
Simpson et al., 1991). This level of research has not been conducted in apes, but does 
provide a foundation from which we can explain how an animal could seek certain 
nutrients within foods.  
Following from this, a second criticism of GF is that there is no evidence that an 
animal is capable of making more complex decisions than those involved in the single-
currency maximization and minimization theories of OFT (Simpson & Raubenheimer, 
2012). This criticism requires demonstrating intentionality in the foraging behavior of 
animals – how do we know an animal is choosing one food over another to balance its 
diet? This is the central question in Chapter Two of this dissertation, and will be 
discussed below.  
At present there is debate as to whether GF is a theory, and whether OFT and GF 
can work together in the exploration of organismal foraging goals. I address these issues 
throughout this dissertation, but provide a brief synthesis here to lay a foundation for the 
research that follows. Most studies and researchers in primate nutritional ecology 




2017; Johnson et al., 2013; Rothman et al., 2012; Rothman et al., 2011), and thus I will 
engage with GF as a methodology frequently. There is also an argument that GF is a 
framework which, if further supported, could become a theory (Raubenheimer & 
Simpson, 2018; Simpson & Raubenheimer, 2012). A comparison of OFT and GF will 
help elucidate this argument. Early research in OFT focused on insects, and thus focused 
on maximizing prey as the currency. As other, more omnivorous or herbivorous 
organisms were investigated using OFT, an initial goal was to determine which nutrients 
were maximized or minimized over time (Belovsky, 1978, 1984; Rapport, 1980; 
Westoby, 1974). Once these currencies were identified, then OFT could be further tested 
as a correlate of evolutionary goals [see Altmann (1998) for a thorough analysis]. 
Similarly, when studying GF, an initial step is to investigate which nutrients are being 
balanced, as I attempt to do here. Once these are identified, predictions can be made that 
organisms that maintain a balance will have increased evolutionary success, including 
growth, longevity, and reproductive success (Dussutour et al., 2010; Maklakov et al., 
2008). GF, if viewed as a theory (likely under the name Nutritional Geometry) is also 
falsifiable — it is possible that an organism will not balance any nutrients, and that the 
balance of nutrients is not correlated to any index of evolutionary success. Thus, at some 
points in my research, I will discuss the assumptions and predictions of GF.  
There is also argument as to whether OFT and GF are mutually exclusive, or can 
be studied together. OFT has had many successes in studies of varied taxa (Hughes & 
Seed, 1981; Jaenike & Rubin, 1982; Kislalioglu & Gibson, 1976; MacArthur & Pianka, 




Hall, 1974), including primates (Altmann, 1998; Baritell et al., 2009; Hughes & Seed, 
1981; Robinson, 1986). Yet there seem to be nuances of nutrition that GF handles more 
elegantly than OFT, specifically identifying nutrient balances and rules of compromise, 
and the evolutionary correlates of these (Dussutour et al., 2010; Maklakov et al., 2008; 
Simpson et al., 2003; Simpson & Raubenheimer, 1997, 2005, 2012). Irwin (2015) 
eloquently notes: 
 
“However, in attempting to understand what makes one diet “higher quality” than 
another, considering individual requirements in isolation falls short, for two 
reasons. First, to some extent, macronutrients are interchangeable — especially 
when used as an energy source — making it problematic to discuss ‘requirements’ 
in isolation. Second, targets are not simply minima. Over-ingestion of a nutrient 
(eating more than required) incurs a metabolic cost, as the animal mobilizes and 
excretes the excess; the magnitude of this cost depends on that animal’s 
adaptations to such ‘overshoots’.” 
 
Thus, I suggest that these two paradigms of feeding goals can be used together to 
yield a more complete understanding of an organism’s feeding and nutrient goals. For 
example, it is possible that an animal could energy maximize (OFT) while still 
maintaining a nutrient balance (GF). This could occur if an animal takes advantage of 
high food availability to consume more calories, while still consuming foods that achieve 




the nutrient balance during high food availability falls in the upper end of the target 
intake rail, and the nutrient balance during lower food availability falls in the lower end 
of the target intake rail. I examine this in orangutans in Chapter 4.  
It is also possible to take a very broad view of OFT that could incorporate GF. 
This would broadly define OFT as predicting that an organism optimizes its diet, whether 
this means minimizing, maximizing, and/or balancing nutrients or energy. The 
mathematical models behind these two paradigms are sufficiently different [with OFT 
incorporating linear analysis that includes a maximization or minimization of one 
element, and GF investigating ratios (Altmann, 1998; Altmann & Wagner, 1978; 
Charnov, 1976; Emlen, 1966; Krebs et al., 1974; MacArthur & Pianka, 1966; Pulliam, 
1974; Pyke, 1984; Raubenheimer, 2011; Raubenheimer et al., 2015a; Raubenheimer et 
al., 2009; Rothman et al., 2011; Simpson & Raubenheimer, 1995, 2012; Simpson et al., 
2004; Westoby, 1974)], and the focus of OFT literature on maximization or minimization 
of a currency leads me to maintain that these are separate paradigms at present (that can 
both be occurring in one organism). I recognize that this is not the opinion of all, and that 
there is room for a hybridization of these paradigms in the future. This should not impact 
the results of the research that follows, but it is important to note that my approach to the 
interpretation of these results is guided by this viewpoint. Sayers et al. (2010) suggest that 
an animal be tested using the predictions of OFT, and if these predictions are not 
supported, new lines of inquiry can be investigated to yield a more comprehensive 
understanding of the animal’s foraging behavior. Much evidence suggests that orangutans 




investigate the events in orangutan feeding behavior that suggest additional complexity 
beyond a singular energy maximization strategy. Whether OFT or GF provide a better 
model of the goals of orangutan foraging, or if these two paradigms can be used in 
tandem to provide a more holistic understanding of orangutan foraging goals, has not 
been answered. These questions form the theoretical basis of this dissertation.  
Orangutans – Current Knowledge and Feeding Ecology 
Orangutans are the only extant members of the genus Pongo, and currently only 
exist on the islands of Borneo and Sumatra, though fossil evidence suggests that 
orangutans inhabited a much larger portion of South East Asia in the past (Spehar et al., 
2018). They are divided into two species by most researchers, P. pygmaeus inhabiting the 
island of Borneo and P. abelii inhabiting the island of Sumatra (Nietlisbach et al., 2012; 
Zhi et al., 1996), though there is debate as to whether the behavioral, social, life-history, 
and ecological differences seen in these taxa are due to genetic differences resulting from 
natural selection or phenotypic plasticity (Goossens et al., 2009; van Schaik et al., 2009a). 
Genomic evidence supports this (Goossens et al., 2009; Nater et al., 2013b; Nater et al., 
2017; Zhi et al., 1996).  Recently, a third species, Pongo tapanuliensis, has been 
proposed in Sumatra – this species is suggested to represent the oldest evolutionary 
lineage of the genus Pongo (Nater et al., 2017), but there is very little known about P. 
tapanuliensis and the behavioral differences between this species and the P. pygmaeus 
and P. abelii. For this reason, here, I will discuss only two species of orangutans for 
which there is comparative data (P. pygmaeus and P. abelii). It is estimated that these two 




be supported (Goossens et al., 2009; Nater et al., 2013b; Nater et al., 2017; Zhi et al., 
1996). Many researchers advocate the recognition of subspecies within the Bornean 
orangutan population (e.g., Goossens et al. 2009, van Schaick et al. 2009, Nater et al. 
2017), but for the present discussion, I will consider only a Bornean and Sumatran 
species differentiation because the potential subspecies (e.g., P. p. wurmbii, P.p. morio, 
etc.) have largely similar feeding habits, and differences are likely more the result of 
phenotypically plastic responses to differing habitat types than to subspecies differences 
(Goossens et al., 2009).  
 The island habitats of extant orangutans differ markedly in resource availability 
and seasonality. In brief, the forests of Sumatra are often more productive and periods of 
low fruit availability are less severe and less frequent (Marshall, 2006; Marshall et al., 
2009a; Wich et al., 2006a; Wich et al., 2011). In contrast, the forests of Borneo are often 
less productive, and some are also characterized by tremendous variability in fruit 
availability and long, unpredictable periods of low fruit availability (Knott, 1998; 
Marshall et al., 2009a). It is hypothesized that some of the difference in productivity 
between islands is due to soil fertility, as Sumatra is a younger volcanic island with more 
nutrient rich soils than Borneo (Marshall et al., 2009a). In addition, fruiting (or masting) 
is a phenomenon of some Bornean rainforests (including the site studied here) in which a 
great majority of the fruiting tree species in the forest fruit synchronously on an 
unpredictable, supra-annual schedule possibly influenced by El-Niño cycles (Appanah, 
1981; Ashton et al., 1988; Cannon et al., 2007; Knott, 1998; Medway, 1972; Van Schaik, 




availability followed by long periods of indeterminate length during which fruit is scarce. 
Fruit produced during mast events is higher in calories than is fruit produced during other 
times (Knott, 1998). [A body of orangutan foraging literature from non-masting Bornean 
forests exists, and is discussed below. Overall, these forests are also characterized by low 
fruit with unpredictable spikes in fruit availability that do not reach the level of a mast 
(Vogel et al., 2015).] 
Many of the differences between Bornean and Sumatran orangutans are suggested 
to be as a result of these ecological differences. For example, Bornean orangutans are less 
social than are Sumatran orangutans, and it is hypothesized that this is to prevent foraging 
competition that would occur as a result of the unpredictable and low fruit availability of 
Bornean rainforests (MacKinnon, 1974; Morrogh-Bernard et al., 2009; Setia et al., 2009; 
Sugardjito et al., 1987; Wich et al., 2006b).  
There are also inter-island differences in the proportion of the diet comprised of 
fruit and in the consistency of fruit as a contributor to the diet between Bornean and 
Sumatran orangutans. Sumatran orangutans consistently experience less variation in the 
percentage of time spent feeding on fruits – fruits are ubiquitously a major part of the diet 
of Sumatran orangutans (Morrogh-Bernard et al., 2009; Wich et al., 2006a). In contrast, 
fruit makes up a highly variable proportion of the diet in the masting forests of Borneo, 
and Bornean orangutans can go long periods of time during which fruit is a minor part of 
the diet (Knott, 1998; Morrogh-Bernard et al., 2009). In the non-masting forests of 
Borneo, fruit availability is regularly low, but these forests do not experience the periodic 




commonly in periods of negative energy balance as evidenced by ketones and 
calculations of daily energy intake versus expenditure (Harrison et al., 2010; Vogel et al., 
2017a). Site differences exist as well, as documented in Vogel et al. (2015), and 
discussed below. Overall, reliance on non-fruit fallback foods is higher in Borneo than in 
Sumatra (Russon et al., 2009). At Gunung Palung, during high fruit availability, 
orangutans can spend up to 100% of their feeding time consuming fruit, whereas this can 
drop to 26% during periods of low fruit availability. Fruit is replaced during low fruit 
periods with energy-poor foods like leaves, bark and cambium (Knott, 1998; Knott, 1999, 
2005; Russon et al., 2009). 
Still, at Gunung Palung, the site of this research, Bornean orangutan diets are 
largely comprised of fruit. Analysis of Knott’s long-term data on orangutan foraging at 
Gunung Palung shows that 70% of the diet is fruit, followed by 13.4% leaves. Bark, 
flowers, pith, and invertebrates are between 3–5% of the diet (Morrogh-Bernard et al., 
2009). High-energy fruit plays a major role in female orangutan reproduction at this site 
as well — female orangutan ovulation is linked to energy intake, energy balance, and 
fruit availability (Knott, 1998; Knott, 1999) and could possibly be linked at Sabangau 
[note this suggestion is based on the timing of a single birth during the study period 
(Harrison et al., 2010)], though there is not yet evidence of this link at other non-masting 
sites (Van Noordwijk et al., 2013; Vogel et al., 2017a). Orangutans have long been 
characterized as frugivores and energy maximizers, and this characterization is supported 




Orangutan foraging has largely been characterized within an Optimal Foraging 
Theory context. Within this context, orangutans are viewed as energy maximizers, and 
energy is the primary currency of orangutan foraging. Fruit is considered the preferred 
food of orangutans, because it is high in digestible energy (Conklin-Brittain et al., 2006; 
Galdikas, 1988; Harrison et al., 2010; Knott, 1998; Knott, 1999, 2005; Leighton, 1993; 
Marshall et al., 2009a; Rodman, 1977; Russon et al., 2009). The orangutan foraging 
strategy has been described as seeking fruit, and only consuming other foods along the 
way to the next fruit source (D.A. Horr, in Rodman 1977, p. 403). This energy 
maximization characterization has played an important role in our understanding of 
orangutan foraging. Without the assumption of the importance of energy, for example, 
we would not know the varied role that energy and fruit availability, as well as fat 
storage, play in orangutan reproduction and life-history (Knott, 1998; Knott, 1999; van 
Noordwijk et al., 2018; Van Noordwijk et al., 2013; van Schaik et al., 2009b; Vogel et 
al., 2017a; Vogel et al., 2015; Wich et al., 2006b; Wich et al., 2009). There are nuances in 
feeding behavior, however, even within islands that suggest a great deal of phenotypic 
plasticity in Bornean orangutans. For example, while fruit availability is tied to increased 
energy intake in the masting forest of Gunung Palung (Knott, 1998; Knott, 1999), at the 
very fruit poor peat swamp forest Sabangau energy intake was only correlated with 
increasing fruit availability in flanged males, not in females or unflanged males (Harrison 
et al., 2010). At Tuanan, an alluvial peat swamp forest that could be considered of 
intermediate fruit availability between Gunung Palung and Sabangau, energy intake 




unflanged males (Vogel et al., 2017a). Thus, the relationship between fruit availability 
and energy maximization, and therein the characterization of orangutans as energy 
maximizers, is blurred a bit even between these three sites on Borneo.  
This characterization and the recent introduction of the Geometric Framework for 
Nutrition, leave additional questions about the nutrient goals of orangutans beyond 
energy maximization, and whether the frequently observed use of non-fruit foods could 
help meet such goals. During my first sighting of a wild orangutan, the animal was eating 
fruit, and left this available fruit to consume non-fruit foods. I saw this many times during 
my first field season, and personal communications led me to believe that this occurs 
commonly at other orangutan field sites. This does not make immediate sense when 
viewed from a strict OFT energy maximization perspective – why would an energy 
maximizer leave available fruit, especially in a fruit-constrained environment like 
Bornean forests, and incur travel and time costs to consume a lower-energy non-fruit 
resource? Since we have not previously known the macronutrient or micronutrient needs 
of orangutans, we can only speculate that these types of feeding choices could be helping 
the animal to meet other nutrient goals, which would be termed constraints in an OFT 
model. Using the methodologies of GF, I investigate the macronutrient needs of wild 
Bornean orangutans at this site to determine whether nutrient balancing is occurring in 
addition to or instead of energy maximization.  I also employ the methodologies of the 
new paradigm of Movement Ecology to further clarify what orangutans are seeking as 
they move through their habitats. Movement ecology uses movement data as clues to 




travel, etc.) and has been used to demonstrate behaviors such as types of navigation and 
intentionality if foraging in many species (Allen & Singh, 2016; Beisner & Isbell, 2009; 
Calenge, 2011; Cunningham & Janson, 2013; Damschen et al., 2008; Fryxell et al., 2008; 
Getzab & Saltz, 2008; Hofer et al., 2004; Holyoak et al., 2008; Isbell et al., 1998; Mandel 
et al., 2008; Marshall & Wrangham, 2007; Nathan, 2008; Nathan et al., 2008; Raichlen et 
al., 2014; Ramos-Fernández et al., 2004; Revillaa & Wiegand, 2008; Wittemyer et al., 
2008). 
Research Objectives 
To investigate orangutan foraging using the methodologies of GF, in Chapter 2, I 
first addressed whether orangutans are seeking non-fruit foods in addition to fruit foods. I 
asked if orangutans leave fruit resources containing available fruit, and if they do, 
whether they then move on to subsequently feed on non-fruit foods. Further, I asked 
whether orangutans consume non-fruit foods within visual proximity of available fruit 
resources to demonstrate the potential desirability, rather than opportunistic use, of such 
foods.  
I then examined whether orangutan feeding choices can be explained by the 
Marginal Value Theorem by testing whether the fundamental assumption of this theorem 
is upheld: that feeding rates decease as patch residence time increases (Charnov, 1976), 
thus in Chapter 3, I tested whether feeding rates decrease during a feeding bout in this 
population of orangutans. If feeding rates do not decrease, this suggests that MVT cannot 




In Chapter 4, I used the methodologies of GF to investigate the macronutrient 
priorities, in addition to energy maximization, in wild Bornean orangutans. I examined 
whether orangutans maintain a non-protein energy to protein (NPE:P) ratio, as do other 
frugivorous mammals, or another macronutrient ratio, or if no nutrient balancing is 
occurring in this population. I also investigated which nutrient is prioritized (maintained 
within the tightest range) in this population of orangutans. 
In Chapter 5, I examined the foraging movement of wild Bornean orangutans and 
use the tools of the movement ecology paradigm to better elucidate the foraging goals of 
these apes. I will ask what foraging factors (e.g., how long the animal travelled to get to 
that bout, food type of bout, etc.) are related to time in a bout, whether orangutans do 
travel in a straight line from fruit to fruit, and only consume non-fruit foods that are 
encountered in this path, and what internal nutrient states and foraging goals are 
correlated to changing direction of travel. 
 
Importance of this Research in Primate Nutritional Ecology 
In primate research, Optimal Foraging Theory has largely been the paradigm used 
to explore nutritional ecology and feeding choices. In most primate species, the currency 
or goal of foraging was food item per time or energy (calories) per time. While this 
approach has been beneficial in allowing an exploration of the energetic needs of 
primates, little is known about the other nutrient needs of many taxa (NRC, 2003; 
Schmidt, 2003), and new research using GF is uncovering some of these needs (Irwin et 




Rothman et al., 2011; Vogel et al., 2014a). For example, for orangutans, it was noticed 
that the percentage of protein remained relatively constant (between 5.3–16% of the diet), 
while lipid intake (comprising a smaller range from 7.2–16.8% of the diet) was explained 
as being a result of differences in fruit availability (Schmidt, 2003). The question still 
remains – are these intake percentages a result of a target limit or range of intake, or are 
they a consequence of energy maximization and fruit availability? And is there a target 
combination or balance of nutrients that the orangutans need regardless of fruit 
availability? When these questions are investigated, using GF methodologies, we can 
better understand nutrient needs beyond energy. This will be helpful in improving zoo 
and captive feeding protocols —obesity and nutritional imbalance are problems for many 
captive and rehabilitant primates (Knott, 1998; Wheatley, 1987). 
This research will also provide an analysis of the utility of OFT and GF in 
orangutan studies. I will discuss the limitations of OFT, and the questions that remain to 
be answered when an OFT paradigm is used to explain orangutan foraging. As GF is 
becoming a more utilized tool and paradigm in primate nutritional ecology, it is important 
to assess whether frugivore food choices are more complex than seeking fruit (Chapter 2) 
and to lay a ground work for asking if and how GF fits in primate research.  
 
Importance of this Research in Orangutan and Primate Conservation 
Upon landing in Indonesia, as a researcher studying orangutan foraging, I 
received several calls and emails from conservationists asking what fruits should be 




— but it is a question based in the conceptualization of orangutans purely as energy 
maximizers. Given the ephemeral nature of fruit, is it important to make sure that other, 
more continually available foods, are present in conservation areas? What are the 
important nutrients and nutrient balances that comprise an orangutan diet, and in which 
foods are these found? With the prevalence of semi-captive rehabilitation sites that rely 
on natural foraging in a controlled forest environment, these are important questions that 
may allow for more robust conservation of wild Bornean orangutans. The answers to 
these questions may also provide insights for similar conservation strategies for other 
primate taxa.  
A goal of my research is to improve our understanding of the nuances of 
orangutan nutrient goals, including whether orangutans seek a certain macronutrient 
balance, and which, if any, macronutrients are prioritized or leveraged. With this 
foundational information, I provide lists of foods that help meet the nutrient goals of 
orangutans, and that should be considered when investigating orangutan habitat 
requirements or assessing habitat suitability for orangutan release (Chapters 5 and 6). 
This information can also be used to suggest alterations to orphaned orangutan diet 
protocols so that these animals can be rehabilitated using foods that wild orangutans 
consume to achieve their nutrient goals. Such deliberate dietary strategies will train 
orangutans for optimal dietary habits when foraging in the wild, and through seasonal 
fluctuations in food availability, better preparing rehabilitated orangutans to survive and 





Implications in Understanding the Evolution of the Human Diet 
In biological anthropology, we seek to understand aspects of human evolution 
through non-human primate models (Conklin-Brittain et al., 2006; Kay, 1985; Kay & 
Hiiemae, 1974; Lucas, 2004, 2007; Lucas et al., 2011; Lucas et al., 2013; Lucas et al., 
1994; Taylor, 2006, 2009; Taylor et al., 2008; Teaford, 2007b; Teaford & Ungar, 2000; 
Ungar, 2007a; Ungar, 2007b; Ungar & Sponheimer, 2011; Vogel et al., 2008; Vogel et 
al., 2014b; Wood & Schroer, 2012). Primate models of foraging have provided insights 
into what hominins and ancestral and modern humans might have consumed and the 
morphology and skills that would have been required to acquire, process, and ingest these 
foods. Orangutans, specifically, have been suggested as a model for the evolution of the 
human diet because (1) they are the only great ape, and thus our closest extant relative, to 
survive outside of the predictable African rainforests and in ecologies of unpredictable 
food availability (Knott, 2005), (2) they seem have a capacity to store fat at a level 
similar to or greater than humans (Knott, 1999; Wheatley, 1987), and (3) they share 
dental anatomies with some hominin clades that are not see in the African apes (Kay, 
1985; Knott, 2005; Vogel et al., 2008; Vogel et al., 2014b).  
There is a vast body of literature on each of these topics, but here I provide a brief 
overview. Orangutans are our closest extant relative surviving outside of African 
rainforests (Barba-Montoya et al., 2017; Harrison, 2010; Mattle-Greminger et al., 2018; 
Prado-Martinez et al., 2013; Rothman et al., 2007). In contrast to the seasonally 
predictable African rainforests, Bornean rainforests are dominated by periods of severe 




in the population examined in my research, supra-annual masting involving synchronous 
fruiting of many trees (Appanah, 1981; Ashton et al., 1988; Knott, 1998; Leighton, 1993; 
Medway, 1972; Van Schaik, 1986).Thus, research on orangutans allows us a look at how 
another ape survives in a fruit- and energy-poor environment that would have 
characterized some hominin habitats outside of the receding African rainforests (Dominy 
et al., 2008; Galdikas, 1981; Knott, 1999).  
There are also similarities in orangutan and human energetics. Orangutans seem 
to have an increased capacity to store fat during more plentiful times (Knott, 1998; 
Leighton, 1993; MacKinnon, 1974; Wheatley, 1987). The capacity to store fat during 
periods of higher food availability is an evolutionary strategy that allows animals to 
survive during unpredictable or prolonged periods of low food availability, and has been 
implicated in studies of human evolution and obesity (Speakman, 2008a; Speakman, 
2007; Speakman, 2008b; Wells, 2009; Wells, 2006; Wells, 2012). Orangutans exhibit an 
exceptionally slow metabolism and use less energy than sedentary humans, even while 
active (Pontzer et al., 2010). This is likely in response to the low food availability that 
characterizes orangutan habitats (Pontzer et al., 2010; van Noordwijk et al., 2018) and 
could be informative in studies of the evolution of human metabolism, fat deposition, and 
energy allocation. 
The ability to survive in unpredictable and feast-or-famine environments, and the 
enhanced capacity for orangutans to store fat (Knott, 1998; Leighton, 1993; MacKinnon, 




human ancestors may have survived as climates cooled and these hominins moved out of 
the receding African rainforest (Dominy et al., 2008; Galdikas, 1981; Knott, 1999). 
Finally, the dentition of extant primates allows us to hypothesize how similar 
morphology would have been used in extinct primates, including human ancestors (Baker 
et al., 2014; Daegling & Grine, 2007; Kay, 1985; Lucas, 2004, 2007; Schroer & Wood, 
2015; Taylor, 2006; Taylor et al., 2008; Ungar, 2007a; Vogel et al., 2008; Wood & 
Schroer, 2012). In this way, the teeth and jaw morphology of extant hominoids are 
studied to suggest the mechanical and structural properties of foods that human ancestors 
might have eaten. It is assumed that dental morphology is selected upon by the physical 
characteristics of foods, such that animals that can exploit available resources most 
efficiently and successfully will pass their genes on disproportionately (Darwin, 1859; 
Kay, 1985; Kay & Hiiemae, 1974; Lucas, 2004; Ungar, 2007b; Ungar & Sponheimer, 
2011; Wood & Schroer, 2012). It is important to recognize that rarely do the extant apes 
occupy a similar habitat and food ecology as did extinct hominins (Kay, 1985), rather 
dental and morphological data can provide an estimate of the mechanical properties of 
foods consumed. Ungar (2007b) and Wood and Schroer (2012) provide recent overviews 
of the state of this form of inquiry.  
Briefly, the physical properties of foods can be measured in different ways to 
determine the forces and morphologies that would be capable of masticating foods with 
similar forces. Elastic resistance to deformation (E, or elastic modulus, stiffness), is 
quantifiable using Young’s modulus, and describes the rigidity or stiffness of a food or its 




food items (Kay, 1985; Lucas, 2004; Lucas et al., 2011; Lucas et al., 2013; Lucas et al., 
1994; Rothman et al., 2013; Taylor, 2009; Taylor et al., 2008; Ungar, 2007a; Ungar & 
Sponheimer, 2011; Vogel et al., 2008; Vogel et al., 2014b; Wood & Schroer, 2012).  
 Fracture toughness (R) is very important measure of food mechanical properties. 
R describes the amount of energy required to crack a substrate (measured in joules per 
meter squared, Jm-2). This property of food is important as it provides a measure of the 
amount of energy a primate must exert to fracture a food item, which renders the food 
item swallowable and more digestible, yielding maximum energy (Lucas, 2004, 2007; 
Lucas et al., 2011; Rothman et al., 2013; Taylor, 2009; Taylor et al., 2008; Ungar, 2007a; 
Vogel et al., 2008; Vogel et al., 2014b).  
Another commonly tested measure of food items is yield stress, or hardness. This 
is the amount of stress required to leave a permanent indentation in a food item. Yield 
stress can be tested by using a wedge or spherical object to press into a food item, and 
measuring the force required to leave a permanent impression divided by the area of the 
indentation. Yield stress can also be derived as 𝐸𝑅 (Lucas, 2004, 2007; Lucas et al., 
2011; Rothman et al., 2013; Taylor, 2009; Taylor et al., 2008; Ungar, 2007a; Vogel et al., 
2008; Vogel et al., 2014b).  
Quantifying these mechanical properties of orangutan food items demonstrates 
that orangutans are capable of consuming very hard and tough foods, though when 
possible they select less hard and tough foods. This pattern is also true of chimpanzees 
(Pan troglodytes schweinfurthii), but comparatively the foods of orangutans are tougher 




chimpanzees and gorillas, but similar to humans) and jaw morphology seem adapted for 
the upper end of food hardness and toughness (Taylor, 2009; Taylor et al., 2008; Vogel et 
al., 2008). Orangutan foods are indeed tough and hard. Specifically, orangutans consume 
leaves that require shearing or high force to break the outer surface, the inner cambium 
and phloem of bark, and fruits (including seeds, mesocarp or flesh, and skin) that provide 
various forms of mechanical challenge. The more crenulated and larger occlusal surfaces 
of orangutan cheek teeth also allow for the crushing and grinding required to consume 
leaves and the mesocarp of fruits (Lee et al., 2010; Taylor, 2009; Taylor et al., 2008; 
Vogel et al., 2008; Vogel et al., 2014b). Thus, the dental morphologies of orangutans 
(large cheek teeth, robust jaw morphology, thick enamel and large, crenulated occlusal 
surfaces of molars) of orangutans allow the flexibility to rely on these harder and tougher 
foods when softer foods are not available (Lee et al., 2010; Taylor, 2009; Taylor et al., 
2008; Vogel et al., 2008; Vogel et al., 2014b). Additionally, between species comparisons 
suggest that Bornean orangutans consume tougher and harder foods than do Sumatran 
orangutans (Vogel et al., 2014b). 
Orangutans share many dental similarities with the Australopithecine clade of 
hominins. Specifically, the cheek teeth of orangutans are very large relative to body 
weight, orangutan teeth exhibit thick enamel, and the molar patterns of orangutans (that 
yield a relatively flat occlusal surface) are features shared with Australopithecines (Kay, 
1985). Several comparisons between the dentition and jaw morphology of orangutans and 
the Australopithecus clade exist (Kay, 1985; Lee et al., 2010; Taylor, 2006, 2009; Taylor 




comparative research suggests that Australopithecines, and in particular the robust 
Paranthropus species, consumed foods that were both tough and hard. Food with these 
properties that would have been available in the habitats of the Australopithcines include 
underground storage organs such as corms and tubers, and rhizomes in particular 
(Conklin-Brittain et al., 2002; Dominy et al., 2008; Kay, 1985; Knott, 2005; Teaford, 
2007a).  
Yet the lineage leading to orangutans diverged from the lineage leading to 
humans approximately 10.5-15 million years ago, and thus approximately 21-30 million 
years of evolution has occurred between the two species (Barba-Montoya et al., 2017; 
Harrison, 2010; Mattle-Greminger et al., 2018; Prado-Martinez et al., 2013; Rothman et 
al., 2007). While orangutans and ancestral hominins and humans may share similar 
foraging challenges and dental morphologies, are the nutrient goals of orangutans and 
humans similar enough that orangutans may provide a model for hominin or human 
foraging? These questions rely on a more nuanced understanding of orangutan foraging 






CHAPTER TWO. WILD BORNEAN ORANGUTANS — FAMISHED 
FRUGIVORES OR CHOOSY CONSUMERS 
Abstract 
 Like many large frugivorous mammals, Bornean orangutans (Pongo pygmaeus 
wurmbii) are described as energy maximizers who will feed on fruit when available. The 
newer Geometric Framework suggests additional complexity in feeding behavior — that 
organisms balance nutrients and attempt to maintain stable balances of particular 
nutrients or energy. As we evaluate the utility of the Geometric Framework in the feeding 
choices of frugivores, it is important to demonstrate that these animals are selecting non-
fruit foods, and not just consuming non-fruit foods that they happen upon en route to a 
fruit resource or when there is no fruit nearby. Here I take a first step toward identifying 
non-fruit selection in wild orangutans. To demonstrate selectivity beyond fruit foods, I 
expect to see two behaviors: (1) orangutans leaving available fruit crops for non-fruit 
foods, and (2) orangutans selecting non-fruit foods when fruit is available and nearby. I 
use data from 51 full-day focal animal follows (611 feeding bouts, 15 focal animals) of 
wild Bornean orangutans in the pristine forest of Gunung Palung National Park. I find 
that when orangutans do leave available fruit it is often for non-fruit foods. Descriptive 
GPS data demonstrates that orangutans often leave or even pass by fruit crops to consume 
other food types. When orangutans did consume non-fruit resources, 25.65% of the time, 
there was at least 1 available fruit resource within a 50m radius. Together, these data 
suggest that orangutans are selecting non-fruit foods and thus seem capable of foraging 





Why does an animal eat what it eats? The answer to this question provides useful 
information about the evolution, behavior, conservation, and the ecological and 
community footprint of a taxon. Optimal Foraging Theory [OFT; (Krebs et al., 1974; 
MacArthur & Pianka, 1966; Stephens & Krebs, 1986)] was an initial paradigm offering 
insight into why animals make the feeding choices they make. OFT has dominated the 
field of primate nutritional ecology for the past 50 years, and has played a major role in 
animal foraging studies. This paradigm has provided a useful initial model for 
understanding why primates, which are predominantly large herbivorous generalists, 
select certain foods and not others (Altmann, 1998; Belovsky, 1978, 1984; Raubenheimer 
et al., 2009; Sayers et al., 2010).  
More recently, however, the Geometric Framework for Nutrition (GF) has come 
into the purview of animal nutrition research, and over the last decade, GF has become a 
major component of primate nutritional ecology research (Felton et al., 2009a; Felton et 
al., 2009b; Irwin et al., 2015; Johnson et al., 2013; Rothman et al., 2011). GF 
methodology has been utilized in agricultural and non-primate nutritional studies for 
more than 2 decades (Chambers et al., 1995; Dussutour et al., 2010; Raubenheimer & 
Simpson, 1997; Raubenheimer et al., 2009; Simpson & Raubenheimer, 1997). The more 
nuanced differences between OFT and GF will be discussed below, but in brief, GF 
allows for more variables to be included in a foraging model that focuses on nutrient 
balancing, and relies on newer computation and statistical methods that were not 




It is not yet clear whether these paradigms are mutually exclusive, or can both be 
working within a primate’s dietary repertoire — these questions are being addressed in 
upcoming research, and the research presented here suggests that they these paradigms 
can be used in concert. The introduction of GF into studies of primate foraging allows re-
examining previous findings in a new way. My aim in this research is to demonstrate that 
behaviors suggesting choices more complex than strict energy-maximization occur in 
wild orangutans, thus clearing the way for further research examining the potential for a 
more nuanced energy-maximization and nutrient balancing strategy in orangutans.  
Optimal Foraging Theory  
Over the past half-century, many attempts to model and understand foraging 
strategies have been proposed. OFT sought to predict an animal’s behavior while it was 
obtaining food. OFT proposes that an organism (having evolved via natural selection to 
maximize fitness), will seek to optimize its diet by either maximizing or minimizing a 
component of nutrition (Emlen, 1966; MacArthur & Pianka, 1966; Stephens & Krebs, 
1986). An extensive body of literature exists and has been built on the foundation of 
OFT.  OFT has been supported in some primate ecology research as well. In a study 
focusing on fruit as a food source, orangutans did seem to select fruits to a large extent 
based on energy content (Leighton, 1993). Similarly, Sayers et al. (2010) found that more 
profitable food items (highest energy and/or protein) were the largest contributors (by 
percent organic matter, not by feeding time) to the diet of Himalayan langurs 
(Semnopithecus entellus). In this study, however, some of the assumptions of OFT were 




profitable choices, and high encounter rates with profitable foods did not yield more 
selectivity — likely because so many high-profit foods were available simultaneously.)  
While Sayers et al. (2010) argue that OFT has held up against criticisms like the ones 
below, OFT was often criticized for its oversimplification of a complex system (Pierce & 
Ollason, 1987; Pyke, 1984; Pyke et al., 1977). Building off of this foundation, then, 
theories of foraging strategies attempted to capture other details of the ecological choices 
an animal must make when feeding.  
 Charnov (1976) introduced the Marginal Value Theorem (MVT) to OFT research 
as a means to explain the instances when animals left available fruit (or other foods high 
in the maximized nutrient) in a patch. This provided an optimality-based model that took 
into account true ecological patchiness and suggested that a consumer (predator) should 
leave food patches of all types at the same marginal value of energy intake.  
Other researchers looked outside of energy for a currency to serve as a proxy for 
foraging efficiency. Within the OFT paradigm, protein maximization and toxin 
minimization (Freeland & Janzen, 1974) have frequently been proposed as goals of 
foraging behavior. Although these models have had some success in explaining the 
behavior of large generalist herbivores, researchers have had limited success using them 
to describe foraging behavior in primates (Felton et al., 2009a; Felton et al., 2009b; 
Milton, 1979, 1980; Oftedal et al., 1991).  
 With the increasing recognition of the complexity of the dietary needs of animals, 
Westoby (1974) suggested that we cannot focus on a single item or currency to predict 




optimize the nutrient mix within a total consumable and digestible amount of food. While 
this new line of thought opened the door to foraging theory that focused on the interactive 
effects of nutrients and toxins, it provided complex predictions at best, that were difficult, 
if not impossible, to test, especially in more generalist herbivores in varied habitats like 
primates.  
 Overall, OFT has been criticized for being too simplistic a model to characterize 
complex feeding behavior (Pyke, 1984; Pyke et al., 1977; Westoby, 1974). More 
specifically, OFT is criticized because it does not take into account the dynamic nature of 
time and the organism’s state (Janson & Vogel, 2006; Milton, 1979; Pyke, 1984). Most 
OFT theory research conceptualizes a primary goal (maximization or minimization of 
one currency over time), while viewing the other dietary needs as constraints [the 
references that follow are a very partial listing of OFT research including only one 
currency and other dietary and behavioral needs as constraints, from a breadth of taxa, 
and also include literature critical of OFT (Agetsuma, 1995; Belovsky, 1978, 1984; 
Charnov, 1976; Distel et al., 1995; Emlen, 1966; Freeland & Janzen, 1974; Hower & 
Hartl, 1982; Hughes & Seed, 1981; Jaeger & Rubin, 1982; Jaenike & Rubin, 1982; 
Kislalioglu & Gibson, 1976; Krebs et al., 1974; Kyriazakis et al., 1990; Laca et al., 1993; 
MacArthur & Pianka, 1966; Nonacs, 2001; Parker & Stuart, 1976; Pierce & Ollason, 
1987; Post, 1984; Pulliam, 1974; Pyke, 1978, 1984; Pyke et al., 1977; Raubenheimer et 
al., 2009; Sánchez-Gonzáles et al., 2001; Werner & Hall, 1974; Wolf & Hainsworth, 




constraints does not serve to recognize the importance of the interactive nature of 
nutrition (Raubenheimer et al., 2009).  
Geometric Framework for Nutrition 
 Rapport (1980) provided a framework and the underpinnings of a methodology 
that seems to resolve the problems of Westoby’s (1974) paradigm. Rapport (1980) 
applied OFT with the recognition that food resources are often complementary. This 
approach suggests that energy is not the only (nor the primary) driving force behind 
foraging choices, and that the strategies of herbivores should be to consume multiple 
nutrients to build a balanced diet. These concerns are noted throughout primate foraging 
literature, often called “the packaging problem”, or the dilemma of a generalist feeder 
that all foods carry both vital resources and risks, and that no single food provides a 
complete and adequate diet (Altmann, 1998; Lambert & Rothman, 2015; Oftedal et al., 
1991). Rapport (1980) provided an entrée into geometric modeling, which is becoming 
an important tool in primate foraging studies. 
Building on these concerns and on findings in agricultural and entomological 
research, Simpson and Raubenheimer (1995) formally introduced the concept of 
Nutritional Geometry and the Geometric Framework for Nutrition. GF suggests that an 
organism seeks to balance nutrient intake around an intake target with certain priorities 
and certain rules of compromise. Intake targets take a few forms, usually as a range of a 
certain nutrient [see protein leveraging, (Felton et al., 2009b; Simpson & Raubenheimer, 
2005, 2012)] or as a ratio of nutrient intake (for example a Protein to Non-Protein Energy 




plotted easily [as can a third, implicit component in a Right Angle Mixture Triangle, 
(Raubenheimer, 2011)], coupled with modern computing and modeling, GF can examine 
multiple dietary and ecological components to form a more comprehensive analysis of 
dietary balancing than was possible when OFT was initially proposed. Thus, GF builds 
on decades of nutritional theory, data, and computational advances to provide a more 
holistic methodology to investigate dietary goals.  
GF methodology has already been accepted into many disciplines of nutritional 
ecology, particularly in agriculture and entomology where controlled studies have more 
feasibly demonstrated its applicability. Experientially, the concept is intuitive as most 
people report different cravings, which are likely maintained either through taste and 
appetitive mechanisms or post-ingestive learning (Simpson & Raubenheimer, 2012). Yet 
if we are to accept that animals are making foraging choices beyond energy 
maximization, we must first demonstrate that animals are making decisions that are more 
complex than just seeking highly profitable “quality” foods. Here I take a first step 
toward identifying non-fruit selection in wild orangutans.  
Orangutan Foraging & Research Questions 
I seek to test whether orangutan foraging behavior suggests choices beyond 
seeking high-energy fruit as would be expected in a strict OFT energy maximization 
strategy using data from the foraging behavior of wild Bornean orangutans (Pongo 
pygmaeus wurmbii). Orangutans are an excellent species with which to study this topic. 
Orangutans are large, semi-solitary primates, the primary unit is an individual or mother 




2009a; Utami Atmoko et al., 2009b), and thus foraging decisions can be assumed to be 
largely made by the individual and outside of group constraints. As large-bodied arboreal 
apes, Bornean orangutans are not under predation risk (Cant, 1987), and thus I assume 
that foraging decisions are not tempered by avoiding predation. Therefore, with Bornean 
orangutans, here I posit that foraging decisions are largely driven by the animal’s nutrient 
needs and internal nutritional state.  
To demonstrate that orangutans are selecting non-fruit foods, I must try to 
demonstrate intentionality around feeding — how do we know that an animal is choosing 
one food over another? While this has been demonstrated in species from slime mold 
(Dussutour et al., 2010) to locusts (Chambers et al., 1995), to humans in controlled 
situations (Gosby et al., 2011; Simpson et al., 2003; Simpson & Raubenheimer, 2005), it 
is much more difficult to demonstrate for generalist herbivores and omnivores in a wild 
forest setting. From an OFT perspective, research suggests that orangutans are energy 
maximizing frugivores that will eat fruit when fruit is available (Knott, 1998; Knott, 
1999; Leighton, 1993; Rodman, 1977), and only choose other food types 
opportunistically as they are encountered after depleting a fruit resource and/or while 
searching for another (Baritell et al., 2009; Rodman, 1977). In the case of the orangutan, 
then, this question becomes: How do we know that an orangutan is selecting non-fruit 
food types, and not merely eating non-fruit foods as they happen upon them en route 
from one depleted fruit source to another fruit source? This allows me to operationalize 
research questions: (1) Do orangutans leave fruit resources while there is still an available 




consume non-fruit foods? (3) Do orangutans consume non-fruit foods when in the 
proximity of available fruit resources? Here we seek to answer these questions using 
behavioral and geospatial data from wild Bornean orangutans in Gunung Palung National 
Park. I make the following predictions: 
(1.) Orangutans will leave an available fruit crop for non-fruit. (I will test in 
Chapter 3 whether the assumptions of MVT are upheld as an explanation for 
such patch departures.) 
(2.) Orangutans will consume non-fruit foods in the bout following departure from 
an available fruit crop. 
(3.) Orangutans will consume non-fruit foods when in the proximity of available 
fruit resources.  
My predictions are not mutually exclusive from those of OFT, and I do not suggest 
that OFT is mutually exclusive from nutrient balancing. Instead the intent of this research 
is to engage the possibility of modifying previous understandings of OFT in orangutans 
by accepting the importance and selection of non-fruit food items. 
	
Methods 
Study Site and Time 
Data for this project were collected from May 2015 – January 2016 at the 2100ha 
Cabang Panti Research Station in Gunung Palung National Park, West Kalimantan, 
Borneo, Indonesia. This field site is comprised of primary tropical rainforest including 7 




During this study period, orangutans often utilized several habitat types in one day, so 
here I do not assess the impact of habitat type on foraging behavior. In addition, I do not 
include social behavior in this analysis. 
Focal Animal Follows and Feeding Observations 
Orangutans were located opportunistically and followed for up to 5 consecutive 
days. Only full-day follows were used in this research so as to capture every feeding bout 
of the day. Follows involved continuous recording of a focal animal according to the 
study site protocol (Knott, 1998; Knott, 1999; Knott et al., 2008). Data for this project 
specifically focused on the feeding and geospatial behavior of the orangutans. For each 
feeding bout, I recorded the food type and part consumed, the maturity stage of the food 
type [Immature, Mature, Ripe, as per Knott (1998, 1999)], the time feeding began and 
ended (including any breaks of >1minute when an animal was not visibly chewing or 
handling the food), and feeding rate as detailed in Knott (1998, 1999) and in Chapters 3 
and 4. I brought back samples of each food type to camp to verify the part eaten and the 
genus and species identification. Whenever possible, I recorded the crop size of the food 
type as the animal initiated the feeding bout and when the animal terminated the feeding 
bout. If this was not possible, when I had a crop size at the start of the bout, the ending 
crop size was calculated by subtracting the minutes eaten times the feeding rate from the 
starting crop size. Crop sizes were recorded on a logarithmic scale (for example, crop size 
A = 0-10, B = 11-25, C = 26-50, D = 51-100, … S = 5,000,000 – 10,000,000). If an 
animal left a tree with less than 10 fruits (of the same ripeness stage as was consumed) 




collect crop size data on the tree, the crop was also conservatively considered depleted at 
the end of the bout. Foods here are organized into types: fruit (including seeds, 
flesh/pulp, skin, and combinations); leaves (including all parts of new leaves and mature 
leaves); bark (orangutans typically consume the inner cambium of the bark); insects 
(termites and ants observed in this data set); and pith (umbut, or the inner shoots and 
young flesh of plants like rotan and Bamboo). I recognize that organizing foods by food 
type does not capture the nuances of nutrient-based feeding choices (see Chapter 6), but 
here I am attempting to establish that orangutans do select non-fruit foods as well as fruit 
foods, as primate literature considers fruit a high-quality or preferred food (Ban et al., 
2014; Chapman et al., 1992; Chapman et al., 1994; Clink et al., 2017; Conklin-Brittain et 
al., 1998; Cunningham & Janson, 2013; Domingo-Roura & Yamagiwa, 1999; Felton et 
al., 2003; Harrison et al., 2010; Janmaat et al., 2013; Janmaat et al., 2006; Janmaat et al., 
2012; Knott, 1998; Lambert, 2007; Leighton, 1993; Marshall et al., 2009b; Marshall & 
Wrangham, 2007; Tujague & Janson, 2017b; Wich et al., 2006a; Wich et al., 2006b; 
Wich et al., 2011; Worman & Chapman, 2005; Wrangham et al., 1998; Yamagiwa & 
Basabose, 2006), though Lambert and Rothman (2015) offer an alternative view of this 
characterization suggesting a more state-dependent approach to characterizations of food 
quality.  
Transitions 
In this analysis we examine transitions, when an orangutan leaves one feeding 
bout and begins the next. Transitions were recorded by food type, part, and crop size that 




from available fruit to non-fruit foods were of particular importance in testing the 
hypotheses of this research. Transition data was temporally and sequentially constrained 
– the transition only accounts for two consecutive bouts (within a single follow day), 
starting from available fruit. Transition data were not recorded for the last bout of the 
day, as the animal does not transition to another food.  
GPS Data 
GPS track data were recorded at a minimum of every 30 seconds (based on 
satellite receptivity). A GPS waypoint was also recorded for each feeding tree, and the 
GPS unit was placed in the tree for the duration of the feeding bout. GPS data were used 
here to determine if there were available fruit resources in the proximity of non-fruit 
resources. Thus, GPS analyses were not sequentially constrained, but were temporally 
constrained — GPS data were analyzed within the day to ensure similar fruit availability, 
but not sequentially (thus if an animal ate proximal non-fruit foods before eating fruit 
foods, this would be counted in this GPS analysis, but not in the Transition analyses.) 
Analyses were conducted in RStudio Version 1.0.153 (RStudio, 2015) for R statistical 
software (RCoreTeam, 2017) and ArcGIS version 10.6 (ESRI, 2017), using a buffer zone 
of 50m radius. A buffer zone with a 50m radius around the feeding tree represents a 
reasonable minimum estimation of visibility from within the canopy (Tim Laman and 





Fruit availability (high, medium, or low) is noted for each follow day. Fruit 
availability was assessed monthly by recording the number of fruits on an exponential 
scale found from all trees within 70 randomized plots in the forest, 10 plots in each type 
of habitat. This protocol is detailed in Knott (1999) and Marshall et al. (2014). In this 
research, the top 25 orangutan fruit genera, comprising 95.03% of orangutan fruit feeding 
(by minute), were included in the analyses determining high, medium, or low fruit 
availability. From this,z-scores of food availability in kcals available per hectare (FAZ, to 
control for 2 differing methods of phenology used at this site) from the past 22 years of 
data. Z-scores from our study period ranged between -1.30 – 2.25 (mean = -0.05, sd = 
1.47). The percent fruit availability during this period ranged from 2% - 11% (mean = 
5.6%, sd = 3%). Kilocalories per hectare (Knott, 2005) during my study period ranged 
between 48,781 – 318,104 (mean = 144,130, sd = 112422).  
Nutrition Analyses 
For this research and the research that follows, I include information regarding the 
nutritional content of orangutan foods. These analyses are detailed in Chapter 4, but 
briefly, after food sample collection, the nutritional content of orangutan foods was 
analyzed in two locations due to changes in export protocols. Samples were analyzed at 
the Nutritional Biochemistry Laboratory, Department of Human Evolutionary Biology, 
Harvard University by C. Knott starting in 1994, and at the Laboratorium Pengujian 
Nutrisi (LIPI) Bogor, Indonesia in 2015-2016. The methods of nutrition analysis used in 




analyses followed the methods detailed in Knott (1998) and Conklin-Brittain et al. (2006) 
in analyzing ash, crude protein (CP), lipid, acid detergent fiber (ADF), neutral detergent 
fiber (NDF). For samples analyzed at Harvard, Available Protein (AP) was calculated 
from CP multiplied by a coefficient to correct for protein bound in fiber (Conklin-Brittain 
et al., 1999). Samples run at LIPI were first analyzed for CP, then an ADF analysis was 
run, followed by sequentially using the residue from the ADF to perform another protein 
analysis. Subtracting the protein in the sequential ADF analysis from the CP yielded AP. 
At LIPI, ADF and NDF were not run sequentially as they were at Harvard, which may 
lead to slightly higher ADF and NDF values. To account for fiber digestibility, lignin was 
subtracted from the NDF values (Knott et al., (in review); Masi et al., 2015), and total 
non-structural carbohydrates (TNC) were determined using the formula:  
%𝑇𝑁𝐶 = 100−%𝑙𝑖𝑝𝑖𝑑 −%𝐴𝑃 −%𝑡𝑜𝑡𝑎𝑙 𝑎𝑠ℎ − (%𝑁𝐷𝐹 - %lignin) 
 
Total energy was calculated following conventional practice and adding the 
digestible energy from fiber, using the equation (Conklin-Brittain et al. 2006 and Knott 
1998): 
𝑀𝐸𝑘𝑐𝑎𝑙
100𝑔𝑂𝑀 = 4 × %𝑇𝑁𝐶 + 4 × %𝐴𝑃 + 9 × %𝑙𝑖𝑝𝑖𝑑






 All statistical tests were performed in R Studio version 1.0.153 (RStudio, 2015) 
for R statistical software (RCoreTeam, 2017). I present descriptive and summary 
statistics to characterize feeding time and food types. To determine whether, when 
orangutans leave fruit for a non-fruit resource, they deplete the fruit crop first, I used an 
Exact Binomial test, with a conservative expected proportion of .50 (a null hypothesis 
that when orangutans leave fruit for non-fruit foods, more than 50% of the time the fruit 
is depleted). To determine if fruit availability impacted whether orangutans left available 
fruit, I used Mixed Effects Logistic Regression (using package lme4), with the log odds 
of the outcome modeled as linear combinations of predictor variables (orangutan as a 
random effect) due to the binary nature of the outcome questions (i.e., is there an 
available fruit crop? do orangutans leave fruit for non-fruit?).  
Results 
Transition and Descriptive Data 
The total data set for this research included 51 full-day follows (652.87 hours 
total), and 662 feeding bouts (310.64 hours spent feeding). The average minutes eating 
per day was 364.43 (sd = 106.67, max = 603, min = 165), and the average minutes per 
bout was 28.12 (sd = 38.4, max = 316, min = 1). Within this dataset, 611 total transitions 
occurred (662 total feeding bouts minus the final feeding bouts of each day). Of these 
transitions, 62% involved fruit (available or depleted), either as the origin, destination, or 




27.66% were from leaves, 2.78% were from flowers, 9.66% from were pith, and 8.35% 













Fruit 288 43.50% 263 43.04% 
Bark 63 9.52% 52 8.51% 
Leaves 178 26.89% 169 27.66% 
Flowers 18 2.72% 17 2.78% 
Pith 62 9.37% 59 9.66% 
Insects 53 8.00% 51 8.35% 
Table 2.1. Number and percentage of bouts of each food type in both the complete dataset 
and the dataset with only transition bouts (Final bouts of the day were removed). 
 
Do Orangutans Leave Available Fruit Resources? 
During this period of data collection, 263 transitions started from fruit trees. Out 
of these, orangutans left fruit of the same ripeness stage available on the tree 86% of the 
time. Thus, more than half of the time when an orangutan left a fruit tree, there was still 
an available fruit crop.  
Do Orangutans Leave Available Fruit Resources for Non-Fruit Food? 
When orangutans left fruit for a non-fruit resource (n = 95), 80 times they left a 
remaining fruit crop (of the same ripeness stage). These fruit crops varied from an 
estimated 15 – 375,000 fruits on patch departure. Using an Exact Binomial test, with a 
conservative expected proportion of .50 (a null hypothesis that when orangutans leave 
fruit for non-fruit foods, more than 50% of the time the fruit is depleted), I was able to 
reject the null hypothesis (p = 3.4e-12). Thus, when orangutans leave fruit for non-fruit, 




When an orangutan left an available fruit crop (n = 187), 50% of the time they 
went to another fruit food, 27% of the time they went to leaves, 8% to pith or cambium, 
6% to bark, 5% to insects, and 3% to flowers (Figure 2.1). Fruit availability was not a 
significant predictive factor for when orangutans left available fruit crops (Generalized 
Linear Mixed Model, p = 0.878). Out of 51 follow days, 42 included at least one instance 
where the orangutan left fruit available and next consumed non-fruit foods. 
	
	
Figure 2.1. Food types eaten when orangutans leave available and depleted fruit bouts. This 
figure depicts what orangutans eat after eating fruit, either depleted (gray) or left available 
(red). For example, approximately 6% of the time, when an orangutan eats fruit and leaves 
fruit available, it next eats bark, whereas approximately 8% of the time, when an orangutan 
depletes a fruit patch, it next eats bark. 
When leaving an available fruit tree for a non-fruit resource, most commonly, 




(Hoya n = 5, and unknown epiphyte genera n = 7). Rotan (Callamus, n = 6) and 
Pandanus (n = 4) were the most common pith genera consumed after leaving available 
fruit crops. Koompassia (n = 3) was the most common bark genus. Of these foods, Durio 
leaves are high in protein by percentage of organic matter (the second highest percent 
protein, after insects, in the 109 unique foods eaten) and lipid. Xanthophyllum leaves and 
rotan pith are among the top quartile of foods eaten in protein content also. Pandanus 
pith and Hoya leaves are high in lipid. Xanthophyllum and Hoya leaves, rotan pith, and 
Koompassia bark are high in carbohydrate by percentage of organic matter (Table 2.2.) 
Genus Part Available Protein % Lipid % 
Total 
Carbohydrate % 
Durio Leaves 35.5 10.2 54.3 
Xanthophyllum Leaves 13.2 2.9 84.0 
Hoya Leaves 7.3 10.4 82.3 
Rotan Pith 14.5 6.7 78.8 
Pandanus Pith 7 46.9 46.1 
Koompassia Bark 6.3 2.1 91.5 
Table 2.2. Nutrient Content of Non-Fruit Foods Most Commonly Eaten When Orangutans 
Left Available Fruit. 
	
Do orangutans consume non-fruit foods when in proximity of available fruit resources? 
The transition data presented above examine feeding bouts that occurred 
sequentially. In contrast, the GPS data below examines how often non-fruit feeding bouts 
occurred in the proximity of available fruit, regardless of when in the day these bouts 




Orangutans did consume non-fruit foods when available fruit (that had been or 
would be consumed) was within a 50m radius. When orangutans consumed bark, in 
24.07% of the bouts there was at least 1 available fruit resource in the area. The average 
number of available fruit resources within the 50m radius was 1.62, with a range of 1 – 5 
available fruit resources. In 1 of the 10 (10%) of the bouts in which orangutans ate 
flowers, there was 1 available fruit resource within 50m. Of the insect feeding bouts, 
16.67% occurred within 50m of an available fruit resource. The average number of fruit 
resources within the radius around insect feeding bouts was 1.29, with a range of 1 – 2. 
Amongst leaf feeding bouts, 52% occurred within a 50m radius of available fruit, with an 
average of 1.38 available fruit trees (range 1–4) in this radius. In 22.92% of the pith 
feeding bouts, there was an available fruit tree in the 50-meter radius, with an average of 























Bark 54 13 24% 1.62 1 – 5 
Flowers 10 1 10% 1 1 
Insects 42 7 16% 1.29 1 – 2 
Leaves 154 47 30% 1.38 1 – 4 
Pith 48 11 22% 1.18 1 – 2 
TOTAL 308 79 26%   
Table 2.3. Summary data of the number of available fruit resource within a 50m radius of 





My data suggest that orangutans are selecting non-fruit foods as well as fruit 
foods. Specifically, I show that orangutans leave available fruit crops rather than 
depleting the crop. I next addressed whether, when orangutans leave available fruit crops, 
they then consume non-fruit food. My data demonstrate that this not only occurs, but it 
occurs very frequently (more than half of the time that an orangutan leaves an available 
fruit resource, it next consumes a non-fruit food.)  
Finally, I asked whether orangutans consume non-fruit foods when in proximity 
(and within sight of) fruit foods. I found that when orangutans did consume non-fruit 
resources, 25.65% of the time, there was at least 1 available fruit resource within a 50m 
radius. Thus, even when an orangutan can see available fruit, it will still often make the 
decision to consume non-fruit foods. In more than half of the leaf eating bouts, 
orangutans ate leaves though there was available fruit in proximity. I was not aware of 
other animals in the fruit trees that would have prohibited the focal animal from 
consuming the fruit, and the animal had consumed fruit from the fruit tree before or after 
the non-fruit feeding bout so I can be sure that this is a genus and species that orangutans 
consume.  
While these findings are not incompatible with a nuanced model of OFT 
including energy maximization and nutrient constraints, they also suggest that orangutans 
are making choices beyond fruit selection and opportunistic consumption of non-fruit 
foods as they move between fruit resources. For example, an orangutan could leave an 




while in search of another fruit resource, could opportunistically consume leaves or pith 
that it encountered. Additionally, OFT assumes a knowledge of the nutritional landscape 
of the habitat (Charnov, 1976; Nonacs, 2001; Pulliam, 1974; Pyke et al., 1977; Stephens 
& Krebs, 1986), but this assumption is likely not upheld in generalist herbivore primates 
living in complex forest habitats. Thus, if I accept that the orangutan may not know what 
it will find next, it is possible that it could stop to eat a non-fruit resource in case it does 
not encounter a better choice. Yet during the study period, there were many examples 
(below and in Chapters 4, 5 and 6) in which the orangutan had an option between 
proximal fruit and non-fruit foods, and either selected fruit first then non-fruit, selected 
non-fruit while in the fruit resource, or consumed fruit, left for non-fruit, then returned 
directly to the fruit resource. For example, during two consecutive follows of an 
adolescent female, in a period of high fruit availability, the female consumed fruit, then 
moved to bark in the same tree (Figure 2.2). On October 16, 2015, this female entered a 
Koompassia tree. The Koompassia tree was a host tree for the large-fruited and energy 
rich liana Willughbeia. The female consumed part of a single Willughbeia fruit for 1 
minute, dropped the fruit to the ground, and moved a few meters to consume the 
Koompassia bark for 128 minutes. She then turned her body and consumed Willughbeia 
fruit for 46 minutes. The following day, the female entered the same tree, consumed 
Willughbeia fruit for 41 minutes, and left an available crop to consume Koompassia bark 











Figure 2.2. Geospatial data from 2 consecutive follows on October 16 and 17, 2018. The 
focal animal was an adolescent female. (a) The complete route and feeding bouts of the 
orangutan on both days. From this we see that at several points in both follows, the 
orangutan left available fruit for non-fruit foods. (b) An enlargement of an area that the 
orangutan visited both days. On October 16 (black solid line), in bout M7.5 the orangutan 
ate ripe liana fruit (1 minute), then in bout 8, she turned to eat bark from the host tree (128 
minutes), followed by a return to the liana fruit (M9) for 46 minutes. On October 17 (double 
blue dashed line) the orangutan ate from the same liana (M22) for 41 minutes, left this fruit 
available and ate bark from the same host tree for 76 minutes (M23).  
 
On December 4, 2015, a flanged male orangutan consumed Chaetocarpus fruit 
for 316 minutes, then left the fruit tree with a crop of between 5000 – 10,000 fruits 




resource) for 112 minutes, and then returned to the same Chaetocarpus tree where he 
continued to consume fruits for 89 minutes. This was during a period of low fruit 
availability. 
My results provide evidence that orangutans are selecting non-fruit foods in 
addition to fruit foods, and in some cases instead of fruit foods. These findings suggest 
the advantages of the use of evolutionary models more nuanced than a strict energy 
maximization OFT model. I propose that the methods of the Geometric Framework can 
more informatively model the feeding choices of frugivores exhibiting complex foraging 
choices like those observed here in orangutans, as GF relies on such organisms making 
choices beyond energy maximization. Instead of focusing on optimizing one nutrient or 
energy GF adds complexity and nuance to the OFT model of foraging by focusing on 
how an animal makes foraging decisions that balance several nutrients as they move 
spatially and temporally through their environment (Raubenheimer & Simpson, 1997; 






CHAPTER THREE. WILD BORNEAN ORANGUTAN FEEDING RATES AND 
THE MARGINAL VALUE THEOREM 
Abstract 
 Marginal Value Theorem (MVT) is an integral supplement to Optimal Foraging 
Theory (OFT) as it seeks to explain patch departure when food is still available, where a 
strict energy-maximization model of OFT theory predicts an organism would stay in the 
patch. MVT predicts that a forager capable of depleting a patch, in a habitat where food is 
patchily distributed, will leave the patch when the intake rate within it decreases to the 
average intake rate for the habitat. MVT relies on the critical assumption that the feeding 
rate in the patch will decrease over time. Here I test this assumption using feeding data 
from a population of wild Bornean orangutans (Pongo pygmaeus wurmbii) from Gunung 
Palung National Park. I hypothesized that the feeding rate within orangutan food patches 
would decrease over time. I analyzed feeding bouts from continuous focal follows 
conducted from 2014–2016. I recorded the average feeding rate over each tertile of the 
bout, as well as the first and last feeding rates collected, and looked for differences 
(specifically decreases) in the feeding rates. I was unable to find a significant decrease 
between first and last feeding rates (Paired One-Way t= -0.319, p=0.6517, n=63), nor 
between the tertiles (Linear Mixed Effects Model, F = 0.48, p = 0.622; one-way Repeated 
Measures ANOVA F=0.321, p=0.726, n=63), nor a decrease in feeding rate overall 
(Paired One-Way t= -0.362, p=0.6414, n=146). Within the tertile models, feeding rates 




protocol was followed the feeding rates increased during patch residence. These findings 
thus do not support this assumption of MVT in wild Bornean orangutan foraging.  
 
Introduction 
By the middle of the 20th century, animal ecologists began to develop increasingly 
complex and economic-based theories to answer why animals eat what they do. The most 
well-accepted of these theories was Optimal Foraging Theory [OFT (Krebs et al., 1974; 
MacArthur & Pianka, 1966; Stephens & Krebs, 1986)]. OFT builds on optimality theory 
to suggest that an animal optimizes its diet by maximizing or minimizing one nutrient or 
energy over time. Common OFT models include protein maximization (van Marken 
Lichtenbelt, 1993) and predominantly energy maximization (Altmann, 1998; Belovsky, 
1978; Stephens & Krebs, 1986; Werner & Hall, 1974; Wolf & Hainsworth, 1971). OFT 
was, however, often unable to explain instances where animals left feeding patches while 
there was still food in that patch – leaving a patch and traveling to another is energetically 
expensive, and thus seems counter-intuitive to an optimization strategy (Charnov, 1976). 
Marginal Value Theorem [MVT, (Charnov, 1976)] was derived to explain these 
instances. MVT supplements OFT and suggests that, in a patchily distributed habitat, a 
forager will leave a patch when the intake rate of that patch decreases to the average 
intake rate for the habitat (Charnov, 1976).  
Specifically, Marginal Value Theorem adds to OFT the answer to this problem: 
When a forager (or predator in the initial writing) is foraging in a patchy habitat, it 




must decide which patches it will visit and when to leave the patch. MVT predicts that 
the giving up time (GUT), or time when an individual leaves a patch, should be a 
function of the energy cost per unit time travelling to and searching in the patch, the 
energy available in the patch, and the energy available within the environment and across 
patch types (the marginal value) — thus GUT should be lower in richer environments 
(Charnov, 1976). MVT thus relies on the critical assumption that as the forager consumes 
from and thus depletes the patch over time, its rate of food (or energy, or other 
optimality-based currency) intake within that patch will decrease (Charnov, 1976). 
Charnov (1976) notes that while it is possible for the feeding rate within a patch to 
increase at first encounter (for example, “if the predator scares up prey on arrival to a 
new patch”, p. 129), the overall feeding rate is expected to decrease, which then forces 
the forager to decide when to leave the patch. Thus, MVT relies on the assumption that 
intake rate will decrease. Here we consider plant parts, which cannot be “scared up” thus 
if MVT is to be supported in this population over time, the intake rate should decrease 
over time. 
While MVT has been demonstrated in many species, several studies have 
suggested that MVT does not explain all feeding, and other behavioral decisions. Support 
for MVT comes from McNickle and Cahill (2009), who demonstrate that plant roots 
grow toward and within quality soil patches in a way consistent with the predictions of 
MVT. MVT also seems to provide a reasonably good model of reproductive patch 
exploitation strategy by the insect parasitoid Trichogramma brassicae, though in this 




naïve insects were introduced to a new patch, and there was no change in residence time 
with patch quality (Wajnberg et al., 2000). In primates, the red colobus (Procolobus 
rufomitratus) of Kibale National Park do deplete patches, though sympatric primates do 
not, as discussed below (Snaith & Chapman, 2005). Further support for MVT comes 
from an elegant examination of the camp residential times of the Batek hunter-gatherers 
of Malaysia, which conformed to the predictions of MVT. In this study, the group 
seemed to decide to leave an area at a time that maximized the efficiency of the group-
level foraging efforts (Venkataraman et al., 2017).  
In many other studies, however, MVT was not supported in a variety of different 
foraging organisms. In a review and simulation of patch residence times, Nonacs (2001) 
presents several findings that are contrary to the assumptions of MVT. First, a meta-
analysis of 26 MVT-based studies showed that foraging organisms tend to err in the 
direction of staying too long in a patch as compared to the predictions of MVT (Nonacs, 
2001). The author points out that MVT does not take into account the differing cost and 
benefit values associated with different states and behaviors (e.g., reproductive state, age-
sex class, aggressive or mating behaviors, etc.), and that this could be the cause of the 
skew in patch-residence time. Some recommendations from this study are the inclusion 
of predator behavior, activities that can and cannot occur simultaneous to foraging, and 
the range of nutritional states in foraging animals (Nonacs, 2001). These 
recommendations seem very difficult to employ in studies of wild generalist herbivores. 




(2014) including mathematical alterations to allow MVT to better predict how foragers 
would behave in a heterogeneous habitat.  
More relevant to the present research, Grether et al. (1992) assessed MVT in wild 
hylobatid apes (Hylobates lar and Symphalangus syndactylus) of South East Asia. In 
neither species did the apes adjust patch residence time in order to maximize energy 
intake. Colobus guereza, a folivorous primate inhabiting Kibale National Park with the 
red colobus, did not deplete patches, and time spent feeding in a patch was not dependent 
on tree size, size of group, or number of feeders in the tree (Tombak et al., 2012). These 
authors all suggest that any declining feeding rates in these populations could be due to 
satiation and not patch depletion. The feeding rates of Japanese macaques (M. fuscata) 
barely decreased, and the overall feeding behavior of these monkeys did not suggest an 
energy-maximizing strategy (Nakagawa, 1990). Johnson et al. (2017) found that guereza 
(C. guereza) feeding times in a patch were not constrained by a fixed time or amount (of 
dry mass, macronutrients, or condensed tannins) strategy. Instead, macronutrient balance 
was the best indicator of time in patches in this population of monkeys.  
Satiation and satiety are certainly factors that could impact primate feeding and 
decisions to leave a patch (Janson & Vogel, 2006). Satiation and satiety are complex 
processes involving several organ systems (Chaudhri et al., 2008), genetic and epigenetic 
control (Fall & Ingelsson, 2014) – see de Graaf et al. (2004) for a detailed overview of 
the mechanisms leading to satiety and satiation, and Janson and Vogel (2006) for a 
synopsis relevant to primates and a method for estimating hunger invoking state 




state of the organism as a predictor for optimal behavior). Viewed from an evolutionary 
perspective, if an animal is adapted to consume an appropriate diet, satiety should be a 
part of this adaptive suite. More specifically, I suggest that when viewed from an energy 
maximization perspective, an optimized organism should be able to consume high-energy 
foods preferentially and not experience satiety for these foods. When viewed from a 
nutrient balancing perspective, an optimized organism will have specific satieties and 
tastes that help the organism to consume the appropriate balance of nutrients [as 
discussed in Chapter 1; (Abisgold & Simpson, 1987, 1988; Simpson et al., 1991)]. Here I 
do not address satiety because it is not a part of the MVT model, and because I assume 
that satiety is signaling the animal that it no longer needs, or cannot further consume, that 
nutrient or energy. This assumption may yield an incomplete look at primate foraging 
(Janson & Vogel, 2006) and future research should address this concern where possible.  
In this research, I use the feeding behavior of wild Bornean orangutans (Pongo 
pygmaeus wurmbii) to test the critical MVT assumption that feeding rates decrease while 
in a patch. Wild P. p. wurmbii is an excellent taxon with which to study changes in 
feeding rate. Orangutans are semi-solitary apes — the typical unit is an individual or a 
mother and dependent offspring (Knott et al., 2008; Mitra Setia et al., 2009). Thus, the 
orangutans’ feeding behavior and choices can be assumed to occur largely without any 
social influence (e.g., a dominant animal moving the group away, or in-patch 
competition). Bornean orangutans are also large-bodied apes with no natural predators, 




and predation risk. Taken together, orangutan foraging choices can be viewed as dictated 
largely by the individual and their intrinsic needs and behavioral patterns. 
Orangutans are large-bodied herbivorous generalists inhabiting the forests of 
Indonesia and Sumatra. They are considered frugivores — multi-year, multi-site data 
suggest that the orangutan diet on average (as percentage of feeding time) consists of 
between 51.5–73.8% fruit, 0–5.9% flowers, 5.1–35.6% leaves (35.6% includes flowers, 
next highest percentage = 29%), 1.1–14.2% bark, 0.8–13.2% invertebrates, and 0–4.0% 
other (Morrogh-Bernard et al., 2009). Knott (1998, 1999) found that during periods of 
very high fruit availability, orangutans will consume only fruit in the masting forest 
where this research was conducted. This has been interpreted as an energy maximization 
strategy under OFT. [Note, the influence of fruit availability on energy intake has a more 
tenuous relationship at other, non-masting, orangutan field sites (Harrison et al., 2010; 
Vogel et al., 2017a; Vogel et al., 2015)] Yet my data suggests that orangutans frequently 
leave available fruit crops to consume both other fruit and non-fruit foods (Chapter 2). 
Can MVT explain this?  
Here I test the assumption that the feeding rate within a patch decreases while 
orangutans are feeding. Using data from January 2014 to January 2016 at the Cabang 
Panti Research Station in Gunung Palung National Park, I examine if there is a decrease 
in feeding rates within fruit and non-fruit foods in wild Bornean orangutans (Pongo 
pygmaeus wurmbii). If the underlying and critical assumption of MVT is to be supported, 
I hypothesize that the feeding rate within a patch will decrease over time. The null 





Study Site and Population 
Data for this project were collected between January 2014 and January 2016 at 
the 2,100ha Cabang Panti Research Station within the 90,000ha Gunung Palung National 
Park, West Kalimantan, Indonesia (1°13’ S, 11°7’ E). Orangutans were encountered and 
followed opportunistically according to the site protocol (Knott, 1998; Knott, 1999; Knott 
et al., 2008; Mitra Setia et al., 2009). The data presented here include full- and partial-day 
follows of all age sex classes except unflanged and adolescent males, who are notoriously 
hard to follow and hard to see while eating (see Table 3.1). I use full and partial day data 
in this analysis because here I am analyzing specific feeding bouts, and not the nutrient 
intake of the entire day. Adolescent females are females who were thought to be 
nulliparous, and only one was included in this dataset, so the majority of our study 
sample is adult.  
Data Set Sex Age Class 
Tertile and First Last Rates M (n = 2) Flanged (n = 2) 
F (n = 7) Adolescent (n = 1) 
Adult without dependent offspring (n = 2) 
Adult with depending offspring (n = 5) 
First Last All Rates M (n = 5) Flanged (n = 5) 
F (n = 10) Adolescent (n = 1) 
 Adult without dependent offspring (n = 4) 
Adult with depending offspring (n = 5) 




Feeding Rate and Feeding Information 
For these analyses, feeding rates within a feeding bout were used. A feeding bout 
was recorded as beginning when an orangutan put food in its mouth. Feeding rates were 
recorded for one minute, with a two-minute break in between, until 10 feeding rates were 
collected. After this, feeding rates were taken for one minute out of every five minutes, 
per the site protocol (Knott 1998, 1999, 2005). If it was not possible to follow this 
protocol exactly because the animal was not visible, feeding rates were taken when the 
animal was visible, again recording the animals feeding for one minute, and the time of 
the rate was recorded. Feeding rates were recorded as items per minute for foods that 
took less than 1 minute to consume. For larger or more difficult to process food items, the 
time it took to consume one unit was recorded, and this was converted into the percent of 
one item eaten in one minute. Data were analyzed by bout so that a “feeding patch” was 
considered a single feeding tree and food type within that tree (Sayers et al., 2010).  
Food types were determined visually in the field, and then confirmed with 
samples brought back to camp (orangutans frequently drop parts or whole foods to the 
ground during feeding bouts). During each bout, a sample of the food consumed, as well 
as the leaves, stems, and bark (when applicable) were collected and brought to camp. 
These samples were compared to a database of food types, and when I could not identify 
the food, a botanical expert was consulted. Food parts include bark, fruit, flowers, insects, 
leaves, and pith (including cambium). For this analysis, I only included fruit, flowers, and 





Data were included and analyzed in three ways: 
Tertile Rates 
The most representative analysis (n = 63) examined the average feeding rate for 
each tertile of the feeding bout. For example, if a bout lasted one hour, and four feeding 
rates were taken during each 20 minutes (one third of the bout, or a tertile), the average of 
the four feeding rates from the first tertile would represent the first tertile feeding rate, the 
average of the four feeding rates from the second tertile would represent the second tertile 
feeding rate, and the average of 4 feeding rates from the third tertile would represent the 
third tertile. Thus, for a feeding bout to be included, there had to be at least one feeding 
rate in each tertile of the bout. I consider this the most robust and representative dataset 
analyzed. 
First and Last Rates 
To ensure a thorough examination of the change in feeding rate, using the data 
from the tertile dataset, I also compared the first and last recorded feeding rate from each 
feeding bout (n = 63). Thus, these feeding rates occurred in the first and the last tertiles of 
the feeding bout and are the closest rates to the beginning and end of the bout that were 
recorded.  
First and Last All 
To increase the sample size and allow for a more comprehensive analysis asking 
whether there is an overall decrease in feeding rates during a bout within a patch, I 




feeding rate. With these data, I recorded the first listed feeding rate and the last listed 
feeding rate. Thus, within this data-set, the first and last bouts could have occurred at any 
time during the bout (both in the first minutes of the bout, or both in the middle or last 
minutes of the bout, or both from different times within the bout.) This yielded a sample 
size of n = 146, and was the largest dataset, but it is important to recognized that this was 
the least representative of the full span of each bout.  
Statistical Analyses 
All statistical analyses and graphs were performed in R version 3.4.1 (R Core 
Team 2013) and RStudio version 1.1.153 (RStudio, 2015). For all tests the threshold for 
significance was set at α ≤ 0.05.  
Tertile Rates 
To ensure adequate statistical certainty, tertile feeding rates were tested in three 
ways. First, a one-way repeated measures ANOVA was performed to test whether there 
were differences between first, second and third tertile rates. I also tested whether there 
was a difference in the rates between tertiles using a Likelihood Ratio test.  
Finally, the tertile data were both log-normally distributed and linear, so I ran a 
Linear Mixed Effects Model (LMM; log transformation based on the results of a residual 
plot analysis) with Tertile Rate as the dependent variable, using Tertile Rate 1 as the base 
for the equation. Sex (binary), Fruit Availability (categorical: high, medium, low), 
Competition (binary, explained below), Plant Part (categorical: fruit, leaf, flower), Total 
Time of Bout (continuous), Genus (categorical), and whether the Feeding Rate Protocol 




stepwise approach using the Akaike Information Criteria (AIC) to select a model. I then 
used an ANOVA using Satterhwaite’s Method to determine significant effects. To 
determine which level of effect was significant, I use the 95% confidence interval.  
Competition describes whether another orangutan that is not the dependent offspring of 
the focal animal was within 50m of the focal animal, and yields a “yes” or “no” response. 
Orangutan ID, Bout, and the Bout and Follow (to create a unique variable) were included 
as random effects.  
First and Last Rates 
First and Last rates (the first and last rates within the 63 bouts of the tertile 
dataset) were tested using paired one-way T-tests (as MVT assumes that feeding rates 
will decrease). In these tests, if the critical assumption of MVT is upheld, I would expect 
a decrease in feeding rate from first to last rate. 
First and Last All Rates 
First and Last All rates (the first and last rates within the larger dataset of 146 
bouts) were also tested using paired one-way T-tests. As above, in these tests MVT 
predicts a decrease in feeding rate from the first to the last rate. 
 
Results 
Summary of Variables 
The Tertile and First and Last Rates came from the same data set. Within this 
dataset, there were 63 total bouts, with 9 orangutans (2 males and 7 females) represented. 




of fruit, 8 genera of leaves, and 1 genus of flowers consumed. (Note that the genera 
counts by plant part total more than the total number of food genera – this is because in 
several genera, the animals ate more than one plant part. For example, Garcinia leaves 
and fruit were consumed, as were Gironniera leaves and fruit).  
The First and Last All Rates came from 146 bouts from 15 orangutans (5 males, 
10 females). A total of 36 food genera were included in these bouts. This was comprised 
of 31 genera of fruit, 8 genera of leaves, and 2 genera of flowers. As above, the total 
number of genera by plant part is higher than the total number of food genera because in 
several genera different plants parts were consumed.  
Differences in Feeding Rates 
Here I present the results of the Tertile Rate analyses and models first, followed 
by the results of the First Last Rate analyses and First Last All Rate analyses.  
Tertile Rates 
I compared the average tertile rates (n = 63) using several measures. Within this 
LMM, feeding rate did not significantly change (F = 0.48, p = 0.622). Fruit Availability z 
score was a significant predictor of feeding rate (F = 4.97, p = 0.01; but with a positive 
effect, such that feeding rates increased during bouts in periods of Medium and High fruit 
availability). Plant part was also significant (F = 5.24, p = 0.008) such that when eating 
fruits, feeding rate decreased in the bout (though overall feeding rate in the model did not 
decrease). Following the feeding protocol also had a significant positive (increasing) 
impact on the feeding rate. The results of the LMM and subsequent ANOVA are 




confidence interval. Of note, are the positive coefficients for Tertile 2 = 0.03, and for 
Tertile 3 = 0.02 — MVT assumes that feeding rates will decrease over time, but in this 
sample feeding rates increased (non-significantly). Figure 3.1 (a - e) facets the changes in 
feeding rates by orangutan, sex, fruit availability, competition, and plant part.  
 
Variable (Fixed) Estimate Std. Error t-value 
Intercept 2.44 1.06 2.311 
Tertile 2 Rate 0.03 0.03 0.975 
Tertile 3 Rate 0.02 0.030 0.530 
Sex (Male) -0.29 0.48 -0.617 
Fruit Availability (Low) 0.51 0.30 1.68 
Fruit Availability (Medium) 1.37 0.47 2.89* 
Competition (Yes) 0.74 0.38 1.96* 
Plant Part (Fruit) -0.54 0.78 -0.69 
Plant Part (Leaves) 0.64 0.84 0.77 
Total Time of Bout -0.01 0.006 -1.55 
Feeding Rate Protocol Followed 
(Yes) 
1.09 0.28 3.91* 
Who (AT) -1.29 1.31 -0.98 
Who (HD) -1.76 0.74 -2.37* 




Who (MY) -0.88 0.72 -1.23 
Who (TT) -1.14 0.75 -1.51 
ANOVA for significance (Satterhwaite’s Method) 
Variable F value p-value  
Tertile 0.48 0.62  
Sex 0.38 0.54  
Fruit Availability 4.97 0.01†  
Competition 3.85 0.06  
Plant Part 5.24 0.009†  
Total Time of Bout 2.40 0.13  
Who (Rate) 1.63 0.17  
Feeding Protocol 15.29 <0.001†  
Table 3.2. Effects from Tertile Rate LMM. * denotes significance of this variable from 
analysis of 95% confidence interval.  †denotes significance of this effect using from 






















Figure 3.1. Change in tertile rates (solid black dots) (a) grouped by the average of each 
animal, (b) grouped by the average of each animal and facetted by Sex, (c) for all bouts, 
facetted by Low, Medium, and High Fruit Availability, (d) for all bouts, facetted by 
competition where Y indicates the presence of a potential competitor, and N indicates no 
potential competitor, and (e) facetted by plant part. T1Rate represents the first tertile 
average rate, T2Rate represents the second tertile average rate, and T3Rate represents the 
third tertile average rate 
 
First Last Rates 
The comparison of the first and last rates (from the tertile dataset, n = 63) was 
also non-significant (t = -0.39186, p = 0.6517). Thus, there was no evidence of decrease 






Figure 3.2. Average of the change First and Last (black dots) feeding rates of each 
orangutan over the study period.  
 
 
First Last All Rates 
First Last All Rates are from a larger dataset that includes the first and last rates 
taken during n = 146 feeding bouts. Thus, these rates could occur at any time during the 
bout, and a difference in bouts would reflect a more general trend during the feeding 
bouts. Again, I caution that these rates are the least representative of the change in 
feeding rate throughout the bout. Still, as with the Tertile and First Last Rates, the results 
of the paired one-way t-test were not significant (t= -0.362, p=0.6414). Thus, there was 






Figure 3.3. Average of the change First and Last All (black dots) feeding rates of each 
orangutan over the study period. This sample is taken from the larger dataset.  
 
Discussion 
MVT predicts that a forager capable of depleting a patch, in a habitat where food 
is patchily distributed, will leave the patch when the intake rate within that patch 
decreases to the average intake rate for the habitat (Charnov, 1976). Thus, a critical 
assumption of MVT is that the feeding rate in the patch will decrease over time as the 
animal depletes the patch. Yet my data of orangutan feeding rates during patch 
occupancy do not reflect a decrease in feeding rate that is integral for MVT. In a 




significant decrease in the feeding rates, and instead a non-significant trend toward a 
slight increase.  
Our results include an analysis of several variables that could confound the 
feeding rates. For example, some research suggests that male orangutans eat at a slower 
pace than female orangutans and have longer patch residence (Knott et al., (in review); 
van Schaik et al., 2009b). Thus, we tested whether the sex of the animal played a role in 
the change in feeding rates and found no significant impact. I found that fruit availability 
had a significant effect on the difference in feeding rates, but that Medium and High fruit 
availability was correlated with an increase (not the predicted decrease) in feeding rates 
over patch residence.  Orangutans are largely solitary apes, and feeding rarely occurs in a 
unit larger than mother an offspring. Thus, I examined the possibility that competition 
(defined as another animal coming within 50m of the focal animal) could impact the 
decision to leave a patch, and found that this variable was non-significant in an ANOVA 
of the effects of the model, but that there was a significant effect of competition in the 
model such that if there was another orangutan near, feeding rates increased using the 
95% confidence interval. This finding could suggest that orangutans leave patches 
prematurely when there is competition, before feeding rates decrease, but since the 
overall model indicates a slight and insignificant increase, this reason for this finding is 
unclear.  I considered the possibility that orangutans, who consume mostly fruit and 
prefer fruit (Knott, 1998; Knott, 1999, 2005; Morrogh-Bernard et al., 2009; van Schaik, 
2016), would be less inclined to deplete a non-fruit patch, and thus that the inclusion of 




significant effect in our model, and these results suggest that fruit bouts have a 
correlation with decreased feeding rate (when including all other random and fixed 
effects in the model.) I also considered that longer bouts would be more likely to show a 
decrease in feeding rate, but the total time of bout was not a significant predictor of 
feeding rate change.  
I next looked for a decrease in the very first and last rates occurring in the first 
and third tertiles (First Last Rates), and for an overall decrease in the feeding rates at any 
point in the bout (First Last All Rates). Neither of these datasets yielded a decrease in 
feeding rate. 
Thus, here we find no evidence of a decrease in feeding rate that comprises the 
critical underlying assumption of MVT. This is particularly interesting because MVT is 
invoked as an explanation for why an orangutan would leave a fruit patch with available 
fruit under OFT. In this data, I saw several instances of orangutans leaving a fruit patch to 
feed on non-fruit foods [on 82% of follow days, and 28% of feeding bouts (Chapter 2)]. 
In particular, and contrary to the predictions of OFT, several times an animal left a fruit 
source with fruit still available, went to a non-fruit food source, and then either returned 
to the original fruit source later that day, or the following day. In these instances, MVT 
does not seem to provide a satisfactory explanation.  
It makes intuitive sense that the feeding rate of wild orangutans would decrease as 
they feed in a patch, yet my data do not bear out this prediction. I suggest that this is 
because when orangutans leave a fruit tree, the crop size is often still well over 5,000 -




within a single day or a single feeding bout by a solitary forager. This raises the question 
why do orangutans leave a patch – a question that requires further research. For example, 
future research could include crop size as a variable to determine if MVT is supported in 
smaller trees only, though again, this would lead to the question of why orangutans leave 
large fruit patches, which by most OFT models are considered quality patches.   
Here I was specifically focused on testing this core assumption. There are several 
other assumptions and factors in MVT that I did not test. MVT recognizes that there is 
time and energy invested in travelling between patches, and that the distance travelled 
between patches should be positively correlated with a longer patch residence time 
(Charnov, 1976; van Schaik, 2016) — I test this in Chapter 5. I did not discuss these 
elements of MVT here (though they will be addressed in future research) because the 
entirety of the theorem rests on the assumption of patch depletion and intake decreasing 
over time (Charnov, 1976). Here I find that the assumption that feeding rates decrease 
was not upheld, thus reducing the need to test these other elements in this population. 
Further, my larger research questions are concerned with MVT as a potential explanation, 
within an OFT framework, for why animals leave available fruit resources, and not for 
why they stay longer in these patches. This is not to say that animals do not stay in 
patches longer if they have travelled farther to get to them, rather, I suggest that MVT is 
not an explanatory model for our purposes. As noted above, I also do not address satiety, 
and instead assume that satiety is related to internal cues to stop eating that particular 




rather quickly). My future research will address time between bouts and potential 
methods for addressing satiety (Janson & Vogel, 2006). 
In the larger theoretical scope, the evidence that (1) orangutans do frequently 
leave available fruit foods for non-fruit foods (Chapter 2), and (2) MVT does not 
adequately account for this phenomenon suggests that OFT may not offer a 
comprehensive view of orangutan foraging. A newer paradigm, the Geometric 
Framework for Nutrition (GF), provides an additional complementary level of detail that 
seems more in accord with these findings. GF suggests that organisms balance their 
nutrient intake toward certain target goals. In a GF methodology, many nutrients and 
energy can be assessed, not as a primary goal and constraints (as in OFT), but rather as 
inter-balanced elements within a system (Raubenheimer, 2011; Raubenheimer & 
Simpson, 2018; Rothman et al., 2011; Simpson & Raubenheimer, 2012). Recent research, 
including our findings (Chapter 4) suggests that orangutans attempt to keep a Non-
Protein Energy to Protein ratio (NPE:P) balance (Vogel et al., 2014a). Within the GF 
paradigm, an animal leaving a hypothetical available, high-energy (but low protein) fruit 
for non-fruit foods, and then returning to the fruit resource could easily be viewed as a 
means to maintain a non-protein energy to protein balance. Thus, this research provides 
further data demonstrating that OFT alone is not sufficient to explain orangutan foraging 
behavior, and that primate nutritional ecology should be looking toward including GF as 




CHAPTER FOUR. NUTRIENT BALANCING, PROTEIN PRIORITIZATION, 
AND ENERGY MAXIMIZATION IN WILD BORNEAN ORANGUTANS 
Abstract 
 Primate foraging research has largely focused on energy intake as the primary 
nutrient driver of feeding decisions. However, increasingly research on primate 
nutritional ecology has revealed that maintaining species-specific nutrient balances is also 
an important determinant of primate foraging choices. Bornean orangutans (Pongo 
pygmaeus wurmbii) make an excellent taxon in which to examine foraging goals because 
they are largely free of social foraging constraints and predators. Orangutans are 
generalist herbivores described as preferring high-energy fruit to non-fruit foods, and 
consuming primarily (or solely) fruit during high fruit periods. Here I use the Geometric 
Framework for Nutrition to assess the nutrient goals, beyond energy maximization, of 
wild Bornean orangutans, and explore the impact of age-sex class and fruit availability on 
these nutrient goals. My findings demonstrate that orangutans have multiple nutrient 
goals. I demonstrate that orangutans consistently maintain a dietary non-protein energy to 
protein ratio of 10:1, regardless of fruit availability and age-sex class, and that protein 
intake is more tightly regulated than are carbohydrate and fat intake and did not vary by 
fruit availability or age-sex class. My study contributes to the emerging research in 
primate nutritional ecology that uses the Geometric Framework for Nutrition to uncover 
more subtle nutrient goals that guide primate feeding choices through seasons and levels 
of fruit availability. I discuss the similarities and differences between orangutan nutrient 





The past half-century of primate nutritional ecology has been dominated by 
Optimal Foraging Theory (OFT). In accordance with this theory, the foraging choices of 
primates are largely viewed as maximizing or minimizing one nutrient or energy. Within 
an OFT paradigm, many primates are considered energy maximizers (Altmann, 1998; 
Altmann & Wagner, 1978; Cowlishaw & Dunbar, 2000; Felton et al., 2009a; Galdikas, 
1988; Knott, 1999; Lambert, 2007; Leighton, 1993). While OFT has had heuristic value, 
the nuanced roles of other nutrients in primate foraging choices is now being recognized 
(Felton et al., 2009a; Felton et al., 2009b; Irwin et al., 2015; Johnson et al., 2013; 
Rothman et al., 2008; Rothman et al., 2007; Rothman et al., 2011).  
Orangutans, in particular, have been characterized as frugivorous energy 
maximizers. Research at Gunung Palung National Park (GPNP) demonstrates that female 
orangutan reproduction is tied to energy balance (Knott, 1999), a phenomenon we also 
see in human females (Ellison et al., 1993), though this finding has not been explicitly 
tested and replicated at other Bornean orangutan sites (Knott et al., 2009; van Noordwijk 
et al., 2018; Vogel et al., 2017a; Vogel et al., 2015; Wich et al., 2006b). Orangutans are 
also the only extant great ape living outside of the more seasonally predictable African 
rainforests. The ability to survive in unpredictable and feast-or-famine environments, and 
the enhanced capacity for orangutans to store fat (Knott, 1998; Leighton, 1993; 
MacKinnon, 1974; Wheatley, 1987) has led researchers to consider orangutans as a 
model for how human ancestors may have survived as climates cooled and these 




1981; Knott, 1999). Yet, beyond energy maximization, the more nuanced goals of 
orangutan foraging have not been investigated in a masting forest. We do not yet know 
how important protein and fat are in the orangutan diet, nor whether nutrient goals, in 
addition to energy intake, guide orangutans’ foraging choices. Strict OFT suggests that, if 
orangutans are energy maximizers, they should seek to maximize caloric intake over 
time, thus consuming and depleting high-energy fruit resources and only consuming non-
fruit en route to another fruit resource, or when fruit is not available. This has not, 
however, been observed consistently (Chapters 2, 5 and 6). Here I investigate orangutan 
foraging using the methodology of the Geometric Framework for Nutrition (GF), which 
allows us to gain new insights into how organisms navigate their feeding choices by 
using a graphical visualization of nutrient intake. Specifically, I examine the foraging 
patterns of wild Bornean orangutans (Pongo pygmaeus wurmbii) in a seasonally 
unpredictable masting forest to investigate nutrient patterns and whether orangutans 
balance nutrient intake during foraging.  
Geometric Framework for Nutrition 
GF is an integrative modeling methodology that allows visualization of how 
nutrient intake and nutrient ratios are kept constant, or within a limited range 
(prioritized), and which nutrients animals allow to vary (Rothman et al., 2011; Simpson 
& Raubenheimer, 1995, 2012). Within GF, an intake target is defined as a point in a 
nutritional space representing the optimal diet of the forager. Typically, for visualization, 




An intake target is usually a ratio of two or more nutrients. In herbivores and 
primates this is commonly non-protein energy to protein (Felton et al., 2009b), or non-
carbohydrate to carbohydrate energy (Rothman et al., 2011). While for most species of 
primates, and other animals in the wild, there is rarely a nutritionally balanced “perfect 
food” (Altmann, 1998, 2009; Lambert & Rothman, 2015), organisms are hypothesized to 
make feeding choices so that they can best maintain this intake target by consuming 
nutritionally complementary foods (Simpson & Raubenheimer, 1995, 2012). In 
experimental studies, many species evidence a tight regulation of nutrient balance. For 
example, even the slime mold Physarum polycephalum which lacks a control center, 
when grown in a medium with patches of varying nutrient quality, will grow to 
differentially contact patches of varying nutrient quality to attain the nutrient ratio 
yielding optimal growth (Dussutour et al., 2010). Decades of experimental insect research 
demonstrate that many insect taxa consume foods to maintain an optimal nutrient balance 
(for overview, see Simpson and Raubenheimer, 2012). Carefully controlled studies of 
human volunteers also suggest that humans attempt to maintain a nutrient balance 
(Simpson et al., 2003; Simpson & Raubenheimer, 2012). While studies of wild organisms 
do not allow for the control and manipulation of available foods, nutritional geometry has 
been applied to wild animals, including primates (Raubenheimer et al., 2015a). For 
example, the diademed sifaka (Propithecus diadema) maintains a macronutrient balance 
of 0.105:1 available protein:non-protein energy through abundant and lean seasons, 
though calories decrease during the lean season (Irwin et al., 2015). Johnson et al. (2013) 




derived foods, maintained a daily ratio of 5:1 kcals non-protein energy to protein over a 
30-day period (Johnson et al., 2013). 
Within the Geometric Framework for Nutrition, it is expected that when it is not 
possible to meet the intake target, for example if the animal does not have access to 
nutritionally balanced or nutritionally complementary foods, the animal must make 
choices about which nutrients to overeat and which to undereat. The animal is expected 
to make these decisions within set rules of compromise. Rules of compromise can include 
over- or undereating foods within the limits of which nutrient elements are absolutely 
necessary, which elements are toxic if overeaten, etc. (Raubenheimer et al., 2009; 
Simpson & Raubenheimer, 1995, 2012). Rothman et al. (2011) found that wild mountain 
gorillas (Gorilla gorilla beringei), consumed 16% of their energy as available protein 
during periods of high-fruit, and 26–29% of their energy as available protein during 
periods of low fruit. The protein intake of gorillas during periods of lower fruit is as high 
as, or exceeds, that of human high-protein weight loss diets (Rothman et al., 2011). Thus 
the rule of compromise for gorillas is to allow protein intake to increase to take in 
sufficient non-protein energy (Rothman et al., 2011).  
Within the rules of compromise, one nutrient or nutrient combination is often 
tightly defended, or prioritized. In the example above, non-protein energy is prioritized in 
wild mountain gorillas. Peruvian spider monkeys (Ateles chamek) maintained a stable 
protein intake, while allowing non-protein energy to vary in accordance with ripe fruit 




protein is often kept more constant than other macronutrients (Simpson et al., 2003; 
Simpson & Raubenheimer, 2012).  
Humans exhibit an extreme form of protein prioritization in which protein is so 
tightly defended, and makes up such a small part of the diet, that the intake of overall 
energy is dictated by protein – protein leveraging. For example, in a controlled study in 
which available food choices varied over treatments from high to low carbohydrate, 
protein, and lipid, human subjects consistently maintained protein intake within a tighter 
range than non-protein intake (Simpson et al., 2003). Thus, protein intake was tightly 
defended, and the rules of compromise allowed carbohydrate and lipid energy to vary far 
more in order to achieve this target level of protein intake – humans ate far more calories 
in order to eat sufficient protein. This phenomenon is referred to as protein leveraging, 
and is implicated in the rise in obesity in humans (Simpson et al., 2003; Simpson & 
Raubenheimer, 2005).  
Orangutan Foraging and Nutrition 
Because Bornean orangutan foraging occurs largely outside of a group setting, the 
foraging decisions made by the animals can be assumed to largely be due to individual 
foraging choices, rather than the movement of the group or intraspecific food 
competition. Further, Bornean orangutans are large enough that, as adults, they have no 
known predators, thus foraging decisions are likely not influenced by predator avoidance. 
The semi-solitary to solitary social structure and large body size of Bornean orangutans 




foraging decisions (Knott et al., 2008; Singleton et al., 2009; Utami Atmoko et al., 2009a; 
Utami Atmoko et al., 2009b). 
Early investigations of orangutan foraging found that wild orangutans consume 
fruit as the majority of their diet (Galdikas, 1988; MacKinnon, 1974; Rodman, 1977). 
Fruit, as a category, is viewed as energy-rich food that is often low in protein, and thus 
has a high non-protein energy to protein ratio, or as a high-quality and preferred food 
type (Knott, 1998; Leighton, 1993). Leighton (1993) investigated the properties of fruits 
that were chosen by orangutans in Kutai National Park, East Kalimantan, Borneo. He 
determined that orangutans preferred the flesh and seeds of fruit, and possibly avoided 
fibrous fruits. In Gunung Palung National Park, Borneo, Knott (1998, 1999) found that 
orangutans preferred energy-rich fruits when these were available during periods of high 
fruit availability. She (Knott, 1998, 1999) found that during exceptionally high-fruit 
periods (masts), orangutans significantly increased their energy consumption and that 
energy intake was positively associated with increased ovarian function (Knott et al. 
2009). In contrast, during periods of extremely low fruit availability, orangutan caloric 
intake decreased below maintenance levels and they entered periods of ketosis and thus 
likely weight loss (Knott, 1998). This research led to the conclusion that orangutans 
maximize energy to store fat during periods of fruit availability – a conclusion that is 
supported at some orangutan field sites (Harrison et al., 2009; Morrogh-Bernard et al., 
2009; Vogel et al., 2015; Wheatley, 1982). The impact of fruit availability on orangutan 




When the energy maximization strategy is viewed within an optimal foraging 
perspective, energy is the primary currency and all other nutrient requirements are 
viewed as constraints or often left uninvestigated. While fruit is a preferred food and 
often a high-energy resource for orangutans [owing to the lower fiber content of fruit, 
(Knott 1998, 1999)], little is known about the complete nutrient needs of wild orangutans 
in a masting forest, and how these needs are accomplished through foraging. Do 
orangutans make foraging choices beyond energy maximization, and are the non-fruit 
foods that orangutans consume chosen (rather than happened upon) to maintain a nutrient 
balance or level of macronutrient intake?  
Research on wild orangutans consistently shows that orangutans prefer fruit and 
eat fruit as a principle component of their diet when it is available (Harrison et al., 2010; 
Knott, 1998; Knott, 1999, 2005; Morrogh-Bernard et al., 2009; Rodman, 1977; Vogel et 
al., 2017a). Across orangutan research sites, an average of 51.5% of orangutan feeding 
time is spent on fruits. Leaves comprise the next highest proportion of feeding time 
(average 35.6%, including flowers at some sites), and bark 11.2% (Morrogh-Bernard et 
al., 2009). The remainder of the orangutan diet is comprised of flowers, invertebrates, and 
occasionally other foods (Morrogh-Bernard et al., 2009). In Gunung Palung National 
Park, orangutans spend 70% of their feeding time eating fruit, 5.1% on flowers, 13.4% on 
leaves, 4.9% on bark, 3.7% on invertebrates, and 2.9% on other foods including pith 
(Morrogh-Bernard et al., 2009). 
Fruit is usually a high-energy resource per gram [again, because it is often low in 




maximizing energy, it is expected that they would not leave available fruit resources to 
consume lower-energy non-fruit resources. My data demonstrate that orangutans do leave 
available fruit crops to consume non-fruit foods, and that orangutans consume non-fruit 
foods when in visual proximity to available fruit (Chapter 2). Thus, while energy 
maximization may be one goal of orangutan foraging, I suggest that orangutan foraging is 
also guided by the need to achieve a balance of nutrients. Using the methodology of GF, I 
seek to understand orangutan foraging at the combined macronutrient and energy level.  
I examine whether orangutans consume a daily ratio of non-protein energy to 
protein (NPE:P) that is more constant in this dataset than that of other macronutrient 
combinations [non-carbohydrate to digestible carbohydrate energy (NCE:CE) and non-
lipid to lipid energy (NLE:LE)]. In support of this expectation, I predict that (1a) fruit 
availability will not have an impact on the dietary NPE:P. Since orangutans, and most 
animals, have differing nutrient needs between sexes and at differing life history stages 
(Ganzhorn, 2002; Harrison et al., 2010; Rothman et al., 2008; Vogel et al., 2017a), I 
expect differences in NPE:P between sexes and age-sex class. I predict that (1b) NPE:P 
will vary by sex, and (1c) NPE:P will vary by age-sex class. I do not expect differences in 
NPE:P ratio as all of the animals in this study are of adult body-size.  
It is possible that the dietary NPE:P ratio that orangutans consume is not balanced 
by consuming foods in certain proportions, and instead is a result of the NPE:P ratio of 
the foods. To test this, I borrow and adapt methodology from Chambers et al. (1995) and 
hypothesize that (2) nutrient intake in orangutans is not simply a reflection of available 




these to the actual dietary nutrient ratios that the orangutans consumed. I thus predict that 
dietary NPE:P will be significantly different from the (2a) average NPE:P of the foods 
that the orangutans ate over the study period and (2b) within the day. I also predict that 
(2c) the dietary NPE:P will be significantly different from the average of the fruit 
consumed that day. A significant finding will suggest that the orangutans are consuming 
complementary foods in selected amounts toward a target NPE:P ratio. 
I also examine whether orangutan dietary strategy includes nutrient prioritization. 
Spider monkeys (Ateles chamek), a frugivorous primate, prioritized protein (Felton et al., 
2009b), as do sifaka (Propithecus diadema), a folivorous primate that increases fruit 
consumption during abundant seasons (Irwin et al., 2015). Thus, because orangutans are 
frugivorous and known to maximize energy, I hypothesize that (3) orangutans will 
prioritize protein, by keeping protein intake more regulated than other macronutrients 
(digestible carbohydrate, lipid). In support of this hypothesis, I predict that (3a) protein 
intake will not vary with fruit availability. Given potential differences in protein needs 
and previous findings at Tuanan (Vogel et al., 2017a), I predict that (3b) protein intake 
will vary by sex, and (3c) NPE:P will vary by age-sex class.  
Methods 
Study Site and Subjects 
All data were collected at the Cabang Panti Research Station in the protected 
primary rainforest of Gunung Palung National Park, West Kalimantan, Borneo, 
Indonesia. The wild Bornean orangutans of Gunung Palung National Park (GPNP) have 




forest that these orangutans inhabit is a seasonally unpredictable masting forest that is 
characterized by extended periods of low fruit (between 2–10 years) with occasional 
spikes of exceptionally high fruit, termed masts (Appanah, 1981; Ashton et al., 1988; 
Cannon et al., 2007; Medway, 1972; Van Schaik, 1986). Masting forests are thought to 
be influenced by the El Niño Southern Oscillation cycles (Appanah, 1981; Ashton et al., 
1988; Curran et al., 2004; Medway, 1972; Van Schaik, 1986). This field site is comprised 
of primary tropical rainforest including 7 habitat types (Knott, 1998; Knott, 1999; Knott 
et al., 2008; Marshall et al., 2009a; Marshall et al., 2014). The population of Bornean 
orangutans inhabiting this site are all wild-born — there are no reintroduced animals in 
this population (van Noordwijk et al., 2018).  
Within this study sample, all adolescent or adult animals that were encountered 
were included. Females who were independent from their mother, but had not yet been 
seen mating were considered Adolescent Females (the adolescent females in this study 
had been followed since dependence). Females who had been seen before mating or with 
offspring, but who were alone at the time of the follow were categorized as Adult 
Females Alone. Females who had a dependent offspring travelling with them were 
categorized as Adult Female with Dependent Offspring. Males who did not have cheek 
pads or other signs of flanging were categorized as Unflanged Males. Males with cheek 
pad flanges, larger body size, and other signs of flanged status were categorized as 




Follow Data Protocol 
Orangutans were encountered opportunistically using the protocol of Knott 
(Knott, 1998; Knott, 1999; Knott et al., 2008), and thus all age-sex classes of independent 
animals that were found were included in this research. When a mother with a dependent 
offspring was encountered, I only included data on the mother. The dataset used here is 
comprised of a total of 51 full-day follows on 15 animals (Table 4.1), conducted from 
May 2015 through January 2016. In this study, only full-day (nest-to-nest), focal animal 
follows were included to ensure that all feeding bouts were included in this dataset. After 
the initial encounter day, individuals were followed from waking until they nested for the 
night. Animals were followed for up to 5 consecutive full days. Whenever possible, an 
animal was followed on multiple sequential days to gain more thorough data on their 
foraging behavior. If I thought that researcher presence was noticeably impacting the 
behavior of an animal (e.g., if the animal tried to run from us, if the animal became 
agitated with us and vocalized or threw objects for more than 10 minutes), that follow 
day was not included in my analysis. My goal was to record feeding behavior and 
movement data in the most natural state possible.  
 
Age-Sex Class Follow Days Animals 
Adolescent Female 7 2 
Adult Female  10 3 






Flanged Male 14 5 
Unflanged Male 4 1 
TOTALS 51 15 
Table 4.1. Follow data by age-sex class and individual animal. 
 
Feeding Data 
I recorded data on every feeding bout throughout each full-day follow, including 
bouts when the animal ate only one item while moving. The start and stop time of the 
bout was recorded, as were any breaks of longer than one minute when the animal was 
not visibly chewing or handling food. The genus, species identifier (numeric code), part 
eaten, and percentage of that part consumed were recorded for each food. The part 
discarded was also recorded to provide additional clarity. I collected several samples of 
each orangutan food and brought them back to camp for additional verification of our 
identification. The project maintains a database of photographs and descriptions of each 
consumed plant part, and at least two botany assistants were available at camp to identify 
new taxa. Once plants were identified, I recorded the genus, species number, and part 
eaten. I was unable to determine the genus of several consumed epiphytes, even after 
consulting botany experts, and thus assigned these with a species number within an 
“epiphyte” category.  
To measure feeding rate for fruits, flowers and leaves, I recorded how many 
individual items were put into the animal’s mouth within one minute. When possible, 




then once every 5 minutes thereafter (Knott, 1998; Knott, 1999). If the animal’s mouth 
was obscured from sight, I took feeding rates as possible throughout the bout.  
Orangutans eat bark by stripping the bark off of a tree, scraping the inner 
cambium/phloem with their teeth, and then letting the outer bark fall to the ground. Thus, 
to estimate the feeding rate for bark, I measured the surface area of the bark consumed 
either by visually estimating or measuring the area of bark that was removed, or by 
timing the consumption of pieces of bark and then measuring those pieces of bark when 
they fell to the ground. The project has previously determined the amount of 
cambium/phloem consumed, per surface area of bark for each species, by obtaining an 
uneaten piece of bark, adjacent to the piece extracted, and removing the phloem/cambium 
and weighing it (Knott, 1999). 
The pith, or softer portions at the joints of plants such as Rotan and Bamboo, was 
measured in “breaks”. To consume pith, the animal had to break the stalk at the joint, and 
then eat the fleshy pith within. Thus, I counted each break, and took more than 10 
samples of stalks of each plant back to camp where I measured and took an average of 
the amount of pith at each joint (or break).  
Insect consumption was determined by counting the number of times per minute 
the orangutan brought the nest to its mouth or its mouth/lips to the nest during each 
insect-eating bout. The number of insects consumed per mouthful was estimated by 
previous examination of nests and determining the number density of insects per cm2 




Food Sampling Protocol 
For each feeding bout, a sample of the food consumed was brought back to camp 
for weight and size measurements, and when possible for nutritional analysis. At least 5 
samples of the same size and ripeness, and from the same area in the tree where the 
orangutan had eaten, were processed in the form that the animal consumed them (e.g., 
only seeds, flesh and seeds, etc.). These samples were then measured and weighed (wet 
weights), and then dried for at least 5 days in a drying oven at between 40–50°C and 
reweighed (dry weights). Photographs of the whole food items and of the part(s) 
consumed were taken prior to drying.  
For orangutan foods that the project had not previously determined the nutritional 
composition of (largely leaves, pith, and flowers), samples of > 36g dry weight were 
collected for nutritional analysis. Samples of similar ripeness and size were collected on 
the same or subsequent days, and when possible from the same area of the tree where the 
orangutan had eaten (this was not possible for the pith items). Samples were collected 
from the ground (if they had fallen from the tree while the animal was eating, and from 
the location where the animal was eating) or by climbing or shaking the tree. When 
possible, samples from several stems were combined to account for variance in nutrient 
quality within and between trees (Chapman et al., 2003; Houle et al., 2007; Rothman et 
al., 2015; Rothman et al., 2012; Worman & Chapman, 2005). Although, the ideal 
measure would be to collect samples for each feeding bout, this was not possible due to 




processed as above and stored in sealed plastic bags surrounded by silica gel until 
delivered to the laboratory for analysis.  
Nutrition Analysis 
Due to changes in permitting processes, nutrition analyses for this project were 
conducted at two different labs. The majority of the fruit samples (69%) as well as some 
of the non-fruit samples (14%) were collected by C. Knott and her assistants beginning in 
1994 and analyzed at the Nutritional Biochemistry Laboratory, Department of Human 
Evolutionary Biology, Harvard University. The majority of the leaf (23 of 25), pith (4 of 
7), and bark samples (13 of 14) and some of the fruit samples (15 of 49) were collected in 
2015 by A. DiGiorgio, and were analyzed at the Laboratorium Pengujian Nutrisi (LIPI) 
Bogor, Indonesia. Insect nutrition values are taken from Oyarzun et al. (1996).  
Nutrient analysis methods were largely similar at each laboratory. Methods used 
at the Nutritional Biochemistry Laboratory at Harvard are detailed in Knott (1998) and 
Conklin-Brittain et al. (2006). In brief, lipid content was determined using petroleum 
ether extraction at room temperature (AOAC, 1984). Crude Protein (CP) was determined 
using the Kjeldahl procedure for nitrogen and multiplying by 6.25. Available Protein 
(AP) was determined at LIPI by first performing a Kjeldahl test to yield a total CP value, 
then performing an Acid Detergent Fiber test (ADF, described below), and sequentially 
using the residue from the ADF to perform another Kjeldahl analysis. AP is the total CP 
Kjeldahl value minus the ADF Kjeldahl value. For samples that were analyzed at the 





To determine total non-structural carbohydrates (TNC – or digestible 
carbohydrates) at the Harvard lab, the neutral-detergent fiber (NDF, or the total insoluble 
fiber, made up of hemicellulose, cellulose, and lignin) method was used as detailed in 
Conklin-Brittain et al. (2006) and Knott (1998) which relies on the methodologies of 
Goering and van Soest (1970) modified by Robertson and van Soest (1980). From this, 
acid-detergent fiber (ADF) was used sequentially to remove the hemicellulose (which is 
partially digestible by the stomach by means of microbial fermentation). Lignin (an 
indigestible fiber) was then determined using the sulfuric acid method (van Soest, 1994) 
and was not included in the calculation of TNC. The methodology at LIPI varied slightly. 
At the LIPI labs, ADF and NDF were not run sequentially, which may lead to slightly 
higher NDF and ADF measures. I collected two samples during this project of the same 
genus and species as samples analyzed at Harvard, and analyzed these for NDF and ADF 
at the LIPI labs. For these, NDF values varied by 1% (Artocarpus genus mature leaves) 
and 8% (Hoya genus mature leaves), with the LIPI values being higher. ADF values 
varied by 4% and 10% respectively, again with the LIPI values being higher. This 
variance is not ideal, but is within the range of between and within tree variation noted in 
Rothman et al. (2012). To determine lignin, LIPI used the potassium permanganate 
method, which should not produce results different from those at Harvard. At the LIPI 
lab, 60 mesh sieves were used in sample preparation, which may result in slightly higher 
fiber overall than the Harvard results using a 20 mesh sieve.  





%𝑇𝑁𝐶 = 100−%𝑙𝑖𝑝𝑖𝑑 −%𝐴𝑃 −%𝑡𝑜𝑡𝑎𝑙 𝑎𝑠ℎ − (%𝑁𝐷𝐹 −%𝑙𝑖𝑔𝑛𝑖𝑛) 
 
To adjust total energy for fiber digestibility, I included the amount of NDF 
energy, minus lignin, that is made available to the animal by microbial fermentation 
following the recommendations of Masi et al. (2015). Schmidt et al. (2005) found a mean 
fiber digestibility of 59.4% in captive orangutans. Thus multiplying the 3kcals/g 
physiological fuel value proposed for fiber when microbial fermentation is considered 
(Conklin-Brittain et al., 2006) by .594 (digestibility coefficient) yielded 1.782kcals/g 
value for fiber. I multiplied NDF (excluding lignin) by 1.782 (Conklin-Brittain et al., 
2006; Knott et al., (in review); Schmidt et al., 2005) to quantify kcals of fiber per gram. 
Total energy was calculated following conventional practice and adding the 
digestible energy from fiber, using the equation (Conklin-Brittain et al. 2006 and Knott 
1998): 
𝑀𝐸𝑘𝑐𝑎𝑙
100𝑔𝑂𝑀 = 4 × %𝑇𝑁𝐶 + 4 × %𝐴𝑃 + 9 × %𝑙𝑖𝑝𝑖𝑑
+ [1.782 × %𝑁𝐷𝐹 −%𝑙𝑖𝑔𝑛𝑖𝑛 ] 
Food Availability and Phenology Protocol 
Fruit availability was determined by calculating the fruit production of plants in 
70 sample plots, with ten plots randomly placed within each of the 7 habitat types at 
GPNP. These plots were monitored monthly by A. Marshall et al. (2014), in collaboration 
with C. Knott. I selected the top 25 fruit genera that orangutans consume (in terms of 




protocol at GPNP, and this analysis method is used both so that we are not analyzing fruit 
availability data from fruiting resources that orangutans do not eat (though this data is 
collected for other research), and because we have nutrition data for each of these top 25 
fruits, which comprise 95.03% of the fruit eaten (by minute, at the time data collection 
was started). Having nutrition data allows the calculation of kilocalories of fruit 
availability per hectare, which is an ecologically and biologically relevant value. From 
this, we were able to calculate z-scores of food availability (FAZ, to control for 2 
differing methods of phenology used at this site) from the past 22 years of data. Z-scores 
from the current study period ranged between -1.30 – 2.25 (mean = -0.05, sd =1.47). The 
kilocalories per hectare during my study period ranged between 48,781 – 318,104 (mean 
= 144,130, sd = 112422). The percent fruit availability during this period ranged from 2% 
- 11% (mean = 5.6%, sd = 3%). The z-scores and kilocalories available were not different 
from the 22-year sample, but the percent of fruit availability was (t = 2.48, p = 0.03, 
Table 4.2 and Figure 4.1). There were no mast events during the study period, but these 
have occurred during the research site’s history. Thus, I consider our study period to be 
very similar to that of other non-mast years at GPNP.  
 
Variable Sample Min Mean Max SD 
Z Score Study (5/ 2015 – 1/2016) -1.30 -0.05 2.23 1.47 
 Site (9/1994 – 12/ 2016) -1.42 -0.03 3.81 0.99 
Kcals/ha Study (5/ 2015 – 1/2016) 48781 144130 318104 112422 




% Fruit Available Study (5/ 2015 – 1/2016) 2% 5.6%* 11% 3% 
  Site (9/1994 – 12/ 2016) 0% 8.1%* 36% 5.8% 
Table 4.2. Summary fruit availability statistics. * denotes significant differences between the 
study period (May 2015-January 2016) and the historical site (September 1994 – December 




Figure 4.1. Fruit availability z-scores during the history of the field site (September 1994 – 
December 2016), and during this study period (n).  
 
Statistical Analyses  
In this research, to facilitate understanding and visualization of the data, I 
compared all combinations of nutrients to determine which two-axis nutritional 
relationships are nutritionally maintained by orangutans (Simpson & Raubenheimer, 




All statistical tests were completed in R Studio version 1.0.153 (RStudio, 2015) 
for R statistical software (RCoreTeam, 2017). To quantify macronutrient intake, I report 
summary statistics (mean, standard deviation, quartiles). To determine the NPE:P, 
NLE:LE and NCE:CE ratios, I used linear regression within a two-dimensional nutrient 
space, and origin coordinates of 0, 0 (and report the Adjusted R2 and p-value as generated 
in R). Paired t-tests were used to compare the NPE:P consumed to the average available. 
Though I did not hypothesize a difference in NPE:P between orangutans, I did want to 
explore this relationship. An ANOVA was performed to investigate whether NPE:P 
differed by individual orangutan (because individual animal is held constant in other 
models). The remainder of the analyses were Generalized Linear Mixed Models (gamma 
distribution, log transformation) with orangutan ID as a random effect.  
 
Results 
The 51 full-day orangutan focal follows produced results from 662 total feeding 
bouts. The age-sex class composition of orangutans included in this analysis is presented 
in Table 4.1. Within these bouts, fruit was consumed in 43% of the total bouts, bark in 
10%, leaves in 27%, flowers in 3%, pith in 9%, and insects in 8% of the total bouts 
(Table 4.3). During this study period, orangutans consumed an average of 656.25g (sd = 
338.08, min = 204.52, max = 1529.32) of organic matter per day. This range is within the 
extremely low- and high-fruit periods of research by Knott (1998, 1999). Table 4.4 
includes the average nutrient content in grams consumed by day and bout. Energy (kcal) 




0.077, p < 0.027). This low impact of fruit availability is not consistent with previous 















Bark 2295 12.31% 63 9.52% 
Flowers 634 3.40% 18 2.72% 
Fruit 9008 48.33% 288 43.50% 
Insects 973 5.22% 53 8.00% 
Leaves 4579 24.57% 178 26.89% 
Pith 1149 6.16% 62 9.37% 
Totals 18638 662 
Table 4.3. Composition of diet as a percentage of total time eaten and total bouts eaten. 
 
Food Component Mean g per Day (± sd) Mean g per Bout (± sd) 
Organic Matter 656.3 (± 338.05) 48.05 (± 96.70) 
Available Protein  38.51 (± 21.44) 2.82 (± 5.71) 
Lipid 28.73 (± 26.43) 2.10 (± 5.60) 
TNC 256.17 (± 179.92) 18.62 (± 45.68) 
ADF 232.82 (± 129.86) 17.14 (± 35.17) 
NDF 319.94 (± 179.25) 23.55 (± 47.89) 
Lignin 81.32 (± 46.16) 6.01 (± 14.26) 
Table 4.4. Mean grams (± sd) of food components per day and per bout. TNC is total non-





My first objective was to clarify the macronutrient and energy goals of orangutan 
foraging. During the study period, orangutans consumed between 526 and 4500 kcals per 
day (mean = 1842, sd = 967). Total carbohydrate intake ranged between 193.5 and 
4002.3 kcals/day (mean 1420, sd = 838). Total lipid intake ranged from 38.71 to 788.98 
kcals/day (mean = 248, sd = 202). Total protein intake ranged from 55.41 to 470.37 
kcals/day (mean = 152, sd = 84). These data are presented in Table 4.5.  
 
Variable Min 1st Q Mean 3rd Q Max Sd Range 
Kcals 526 1136 1842 2364 4500 967 3974 
Total Carb 194 745 1420 1800 4002 837 3808 
Lipid 39 91 248 342 789 202 750 
Protein 55 93 152 175 470 84 415 
NCE 100 202 400 548 1140 263 1040 
NLE 358 838 1572 1925 4199 889 3840 
NPE 465 1001 1668 2153 4303 902 3838 
Table 4.5. Summary statistics of macronutrient and nutrient combination intake by kcals. 
NCE = non-carbohydrate energy (lipid and protein), NLE = non-lipid energy (carbohydrate 
and protein), NPE = non-protein energy (carbohydrate and lipid.) 
 
Nutrient Balance Ratios – Hypothesis 1 
The summary statistics for non-carbohydrate energy (NCE, protein and lipid), 
non-lipid energy (NLE, TNC plus 1.782*NDF and protein), and non-protein energy 
(NPE, carbohydrate and lipid) are also presented in Table 4.3. The range of NCE was 100 




889). The range of NPE was 465 – 4303 (mean = 1668, sd = 902). Graphical 











Figure 4.2. Comparison of (a) Total Carbohydrate to Non-Carbohydrate Energy, (b) Lipid 
to Non-Lipid Energy, and (c) Protein to Non-Protein Energy. Each point represents the 
cumulative ratio from a full-day follow, colored by fruit availability z-scores. Regression 
lines and confidence intervals included. 
 
As expected, when comparing nutrient balancing ratios, the strongest association 
was found between NPE and P (Adjusted R2 = 0.858, p < 2e-16). The ratio of NPE: P 
was 10.1:1. The regression of NCE:CE yielded an adjusted R2 of 0.671 (p = 1.13e-13), 
and a ratio of 0.238:1. The regression of NLE:LE yielded an adjusted R2 of 0.575 (p = 
7.44e-11), and a ratio of 4.30:1.  
The next set of tests examined the impact of fruit availability, sex, and age-sex 
class on NPE:P. To provide clarity on the impact of each individually, as well as together, 
I ran individual GLMMs for each variable (except for animal, which was tested using an 




for the combined model. To test the impact of fruit availability on the NPE:P ratio 
(hypothesis 1a), I first used binned High (H, n = 27) and Low (L, n = 24) fruit 
availability, and H (n = 27), Medium (M, n = 4), and L (n = 20). For both analyses, I used 
a GLMM (gamma distribution, log transformation) with orangutan ID as a random effect. 
These analyses were not significant. If these analyses had been significant, I would be 
able to present a NPE:P ratio for different categories of fruit availability — it is possible 
that this analysis would be significant with a larger sample size. I next tested the impact 
of fruit availability on NPE:P using the fruit availability z-score as a continuous variable, 
again using a generalized linear mixed model (gamma distribution, log transformation) 
with orangutan ID as the random effect. The results of this test were also non-significant 
(intercept = 2.37, fruit availability coefficient β(FruitAvail)	=	0.07,	p	=	0.07,	Power	=	
15.00%	at	effect	size	0.02).		Thus, in these analyses fruit availability does not impact 
NPE:P ratio when viewed on a categorical or continuous scale.  
I then tested whether the NPE:P changed by sex (hypothesis 1b), and by age-sex 
class (hypothesis 1c). The ratio of NPE:P did not vary in relation to orangutan ID (F = 
1.776, p = 0.0851). Sex was not a significant predictive variable in a GLMM with 
orangutan held constant (intercept = 2.52, sex coefficient β(SexM)	=-0.28, p = 0.13, Power 
= 15.20% at 0.02 effect size). Flanged male age-sex class differed from the other age-sex 
classes in a GLMM with orangutan held constant (intercept = 2.56, sex coefficient 
β(FlangedM)	=-0.39, p = 0.049, Power = 18.30% at effect size 0.02). Thus, the NPE:P ratio 




I next modeled the impact of several variables to characterize their interplay on 
NPE:P. I created two models, one using sex, and the other using age-sex class, because of 
the overlap between these two variables. To characterize the interplay between fruit 
availability, sex, and individual on NPE:P ratio, I used generalized linear mixed modeling 
(gamma distribution, log transformation) with fruit availability (z-score) and sex as fixed 
variables, and orangutan ID as a random effect. The resulting model had an intercept of 
2.50, and coefficients β(FruitAvail)	=	0.07	(p = 0.08),	β(Sex-Male)	=	-0.27	(p = 0.16). Power for 
this analysis was low (13.30% at a 0.02 effect size.) The correlation between the fixed 
effects (fruit availability and sex) was 0.007.  
To characterize the interplay between fruit availability, age-sex class, and 
individual on NPE:P ratio, I again employed generalized linear mixed modeling (gamma 
distribution, log transformation), but with fruit availability (z-score) and age-sex class as 
fixed variables, and orangutan ID as a random effect. The resulting model was not 
significant for any variables, with an intercept of 2.57, and coefficients β(FAZ)	=	0.06	(p = 
0.11),	β(AdultFem)	=	-0.02	(p = 0.94), β(AdultFemw/Offspring)	=	-0.19	(p = 0.47), β(FlangedM)	=	-
0.41	(p = 0.11), and β(UnflangedM)	=	0.08	(p = 0.81).	The	power	of	this	analysis	was	low	–		
8.00%	at	0.02	effect	size.	These	results	and	the interaction effects are presented in 
Table 4.6. 
 









FAZ 0.06 0.04 1.59 0.11 
Adult Female 0.02 0.28 0.07 0.95 
Age Sex - Adult Female w  
with Offspring 
-0.19 0.26 -0.722 0.47 
Age Sex Flanged M -0.41	 0.26 -1.60 0.11 
Age Sex Unflanged M 0.08	 0.33 0.24 0.81 
Correlation of Fixed Effects 








Adult Female -0.80     
Adult Fem w Offsp -0.87 0.67    
Flanged Male -0.88 0.66 0.77   
Unflanged Male -0.68 0.54 0.59 0.60  
FAZ -0.22 0.16 0.16 0.18 0.10 
Table 4.6.  Results of GLMM investigating impacts of fruit availability and age-sex class on 
NPE:P.   
 
I next compared dietary intake to food composition (hypothesis 2). I altered a 
method used in a captive study by Chambers et al. (1995) to determine if the dietary 
NPE:P that I found was achieved by consuming different proportions of food, and not a 
result of the average NPE:P in the foods. Chambers et al. (1995) took an average of 
nutrient availabilities of ad lib offered foods to determine if the study animals (locust 
nymphs) consumed the average of these foods. I do not currently have an account of the 
nutritional landscape with which to assess the available nutrients at that time. To account 
for this limitation, I used several measures, though using a nutritional landscape is a 
superior method for future research. I first calculated the NPE:P of all foods eaten during 




dietary NPE:P ratio (10.1:1, Figure 4.3). My results suggest that the orangutans did 
consume a different balance of NPE to P than the balance of the foods that were available 
(Welch t = 2.011, p = 0.0469). The average percentage of macronutrients by percent 
organic matter is included in Table 4.7.  
 
Figure 4.3. Right Angle Mixture Triangle of the average percent carbohydrate, available 
protein, and lipid (implicit, or horizontal, axis) in each food type consumed during the study 
period, and the mixture that the orangutan consumed (orange square with asterisk.) The 
digestible macronutrient composition of each food type is represented by a symbol, for 
example, Pith (blue triangle) is 13% available protein, 5% lipid, and 82% carbohydrate. In 
contrast, insects (yellow square with X) are 68% protein and 38% lipid.  
 
 
Food Type Available 
Protein (%) 
Lipid (%) TNC (%) NDF (%) Total Carb 
(%) 
Bark 6.39 7.86 39.02 47.74 85.76 
Fruit 8.98 18.14 48.65 24.23 72.88 




Insects 67.56 32.44 0 0 0 
Leaves 11.03 8.43 48.90 31.63 80.53 
Pith 13.00 5.26 43.16 38.58 81.74 
Table 4.7.  Percentage of macronutrients of orangutan foods by food type.  
 
I next looked within each day to determine if the average NPE:P ratio of the foods 
eaten during each day was different from (hypothesis 2b) the final NPE:P ratio consumed 
by the orangutan that day. For example, during the first follow of this dataset, an 
orangutan consumed insects 8 times (NPE:P ratio = 0.48:1), Ficus fruit twice (NPE:P 
ratio = 17.35:1), Gymnacranthera leaves once (NPE:P ratio = 10.31:1), Gironniera fruit 
three times (NPE:P ratio = 8.83:1), and rotan (genus Callamus) pith once (NPE:P ratio = 
5.90:1). The average of the NPE:P ratios for these foods is 5.42:1. The orangutan’s final 
dietary NPE:P intake that day was 10.6:1. Using a paired t-test (t = 3.233, p = 0.002) I 
found that the average NPE:P ratio of the foods was different from the actual dietary 
NPE:P ratio eaten. Finally, it is possible that if the orangutan is seeking fruit, the NPE:P 
ratio that the orangutan consumed should be similar to the average NPE:P ratio of the 
fruits consumed. From the example above, the average NPE:P ratio for fruits was 12.2:1. 
Using a paired t-test (t = 3.580), I found that the NPE:P ratio that the orangutans 
consumed each day is significantly different from (hypothesis 2c) the average NPE:P of 
the fruits consumed that day (p < 0.001).  
Protein Prioritization – Hypothesis 3 
To test the prediction (hypothesis 3) that orangutan protein intake is less variable 




the variation of macronutrient intake (presented above and in Table 4.3.) As 
demonstrated in Figure 4.2, protein intake varied far less than did the intake of other 
macronutrients (range of 55.4 to 470.4 kcals/day, mean = 152.2, sd = 83.8), and the range 
of the 1st to 3rd quartiles of protein kcal intake was 93.2 to 174.8 kcals/day.  
I next examined whether protein and the other macronutrient intake (measured in 
kcals) remained constant between animals. There was no difference in protein kcal intake 
between animals (F = 0.793, p = 0.663). Carbohydrate kcal also did not vary between 
animals (F = 1.086, p = 0.400). Lipid kcal intake did vary significantly between animals 
(F = 3.856, p < 0.001.)  
I examined whether protein intake remained stable in periods of different fruit 
availability and sexes. I compare the results of these tests to the results of similar tests on 
carbohydrate and lipid intake. Using the fruit availability z-score, I found that protein 
intake does not vary with fruit availability (hypothesis 3a, Adjusted R2 = 0.03814, p = 
0.088). In contrast, carbohydrate intake does vary with fruit availability (Adjusted R2 = 
0.1324, p = 0.005). Lipid intake does not vary with fruit availability (Adjusted R2 = 
0.014, p = 0.403). 
I examined whether protein and the other macronutrient intake (kcals) varied 
between sexes (hypothesis 3c). As hypothesized, protein kcal intake did not differ 
between sexes (F = 0.234, p = 0.631). Carbohydrate kcal intake also did not vary between 
sexes (F = 2.966, p = 0.0914). Lipid kcal intake did vary between sexes (F = 6.239, p = 




To account for pseudo-replication by animal, I used GLMM to investigate the 
impacts of fruit availability and sex on the intake of protein, holding animal constant. I 
similarly examined the effects fruit availability and age-sex classes on the intake of 
protein. The model of the impact of fruit availability (β(FAZ)	=	0.09,	p = 0.13) and sex 
(β(Sex-M)	=	0.17,	p = 0.42) had an intercept of 4.88 and was not significant (Power = 
13.4% at 0.02 effect size). The model of the impact of fruit availability (β(FAZ)	=	0.08,	p = 
0.13) and age-sex class [β(AdultFem)	=	.31	(p = 0.36), β(AdultFemw/Offspring)	=	0.05	(p = 0.87), 





Consistent with previous findings (Harrison, 2009; Knott, 1998; Knott, 1999; 
Morrogh-Bernard et al., 2009), the orangutans during this study period consumed fruit 
more than any other food type. Almost half of the feeding bouts during this period were 
fruit bouts. This suggests that this population of orangutans have adapted to exploit fruit 
when it is available to them. As fruit availability increased, caloric intake increased, in a 
pattern consistent with energy maximization (Knott 1998, 1999).  
Fruit Availability 
While much orangutan literature is anchored around fruit availability, recent 
examination of the impacts of fruit availability on diet indicate that high fruit is not 




2010; Vogel et al., 2017a; Vogel et al., 2015). Specifically, at Gunung Palung (primary 
masting rainforest), energy intake has been positively correlated with fruit availability in 
previous studies (Knott, 1998; Knott, 1999, 2005). The same is true in the previously 
logged non-masting alluvial peat swamp forest of Tuanan (Vogel et al., 2017a; Vogel et 
al., 2015). In contrast, at Sabangau, another non-masting Bornean peat swamp forest, and 
arguably the most fruit poor of these three, energy intake is not impacted by fruit 
availability (Harrison et al., 2010; Vogel et al., 2015). In this research, I find that fruit 
availability z-scores did positively correlate with increasing energy intake, though this is 
a very weak relationship (Adjusted R2 = 0.077), and fruit availability had a non-
significant impact on NPE:P and protein intake. What accounts for this difference? It is 
possible that the methodology used to assess fruit availability could impact the 
differences in results between sites. In Knott’s early work (1998, 1999) GPNP fruit 
availability was measured by specifically assessing the fruit of trees from which 
orangutans had fed – this was done to ensure that species sampled were orangutan food 
species. Here I use an adapted method where only the fruits from the top 25 orangutan 
fruit genera are included in the fruit availability calculation (from a database that includes 
all stems in each of 70 random plots), and from this, kcals per hectare was calculated and 
used as the measure of fruit availability. There is a slight difference in the earlier and 
current phenology methods, though – it is possible that the trees sampled currently are of 
a different species (though similar genera) that is not eaten by orangutans, since they are 
not specifically from orangutan feeding trees. I have begun to conduct a separate 




investigate this difference in future research. Also, the sample period presented here is far 
smaller than that of Knott (1998, 1999.)  
Methodology is likely not a sufficient explanation, however, because the findings 
from Tuanan are similar to those at GPNP – orangutan energy intake is positively 
correlated with fruit availability (except for in flanged and unflanged males at Tuanan). 
While currently Tuanan conducts and reports phenology on all stems within a plot, in 
earlier studies two calculations of fruit availability were performed – one assessing total 
fruit availability, and one using the species that orangutans consume. These measures 
were highly correlated and ultimately converged (Vogel et al., 2017a; Vogel et al., 2008). 
Tuanan uses fruit availability index (a measure of the number of trees fruiting), whereas 
at Gunung Palung, we use kcals available per hectare.  The findings at Sabangau, that 
food availability is not correlated with energy intake (in all age-sex classes except for 
flanged males), run contrary to those from GPNP and Tuanan, yet in this research, only 
orangutan fruit trees were assessed for fruit availability, though again this was highly 
correlated with the total fruit availability (Harrison et al., 2010). As at Tuanan, fruit 
availability index, and not kcals per hectare, is the phenological measure. So two 
different measures of fruit availability are used at GPNP and Tuanan, with similar results 
(in some age sex classes), and a similar measure is used at Tuanan and Sabangau with 
differing results. Thus, it is unlikely that methodology provides a complete explanation 
for the varied relationship between fruit availability and energy intake. One point that is 




across sites would be helpful in interpreting results and further fleshing out the 
interesting, and seemingly flexible, orangutan responses to food availability.  
Habitat quality may provide part of the explanation for the differences in 
orangutan feeding strategy.  GPNP is a mixed-Dipterocarp masting forest that 
experiences long periods of low fruit availability punctuated by periods of extremely high 
fruit availability (Knott, 1998; Knott, 1999, 2005). Tuanan is an alluvial non-masting peat 
swamp forest that experiences frequent long periods of extremely low fruit availability 
(Vogel et al., 2017a; Vogel et al., 2015). Sabangau is a non-masting peat swamp forest 
with lower productivity and food nutrient density than Tuanan (Harrison et al., 2010; 
Vogel et al., 2015). Thus the nutritional quality of the habitat at Sabangau seems to be the 
most impoverished of these sites. Pontzer et al. (2010) used doubly labeled water to 
investigate the daily energy expenditure (DEE) of captive, but active, orangutans. The 
orangutans in this research had the lowest DEE (relative to body mass) of any eutherian 
mammal measured, and this DEE was impacted by temperature in a direction implying 
that orangutans in tropical climates may exhibit even lower DEE. Pontzer et al. (2010) 
suggest that, in habitats where food availability is highly variable, it may be 
advantageous for an organism to decrease DEE, even at the expense of consuming less. 
Thus it is possible that the orangutans at Sabangau have adopted an extremely 
conservative strategy to reduce energy expenditure to an extreme level, reducing energy 
throughput – both in output and intake – and this could explain why these orangutans do 
not consume more energy during high fruit availability (Harrison et al., 2010). In support 




availability, and exhibited high ketone production for most of the research period 
(Harrison et al., 2010).  
It is also possible that the positive correlation between fruit availability and 
energy intake at GPNP is anchored by periods of mast fruiting. There were no masts 
during our study period, which could explain why fruit availability had such a weak 
influence on energy intake and no influence on NPE:P. Future research including a food 
availability Index (that also incorporates leaf availability) could clarify these differences 
as well. I also cannot discount the discussion that fruit availability is a poor predictor of 
energy intake and diet quality, as many other factors, including, but not limited to, 
sociality, foraging strategy, or the presence of one particular food source could play a 
major role in energy intake (Knott, 1998; Terborgh & Janson, 1986; van Schaik & 
Pfannes, 2005; Wright et al., 2014). 
Nutrient Balancing 
Our previous findings, including that orangutans leave available fruit on trees to 
eat non-fruit foods, and consume non-fruit food when in visual proximity to available 
fruit (Chapters 2 and 3) suggest that energy maximization is not the only foraging 
strategy employed by orangutans. Looking beyond energy intake to examine the nutrient 
goals of orangutans, the orangutans at Gunung Palung maintained a 10.1:1 NPE:P ratio. 
This ratio is similar to that from Tuanan, a previously logged peat swamp forest (Alavi, 
2018; Vogel et al., 2017b). The similarity in NPE:P at two different sites suggests that 




This argument is strengthened by the finding that the NPE:P ratio of orangutan foods is 
significantly different than the NPE:P ratio the orangutans maintain.  
In this study, the NPE:P intake ratio of orangutans does not vary with fruit 
availability. There is trend in the data that NPE intake increases more than P intake with 
increasing fruit availability, but a larger sample size is required to assess this relationship. 
My research provides a potential explanation for this behavior – although orangutans 
could consume an entirely fruit diet during high-fruit periods of my study session, they 
did incorporate non-fruit foods, possibly to consume sufficient dietary protein and 
maintain an NPE:P ratio lower than that of most fruits. Because this relationship between 
dietary NPE:P and fruit availability is not significant within binned categories, I cannot 
determine if there is a minimum NPE:P ratio that orangutans maintain when fruit is 
limited. A larger dataset might allow for significance when fruit availability is separated 
into two categories (High and Low), and this could be used to determine what the 
minimum NPE:P ratio is and help elucidate the rules of compromise in wild orangutan 
foraging. Of note, in this study, NPE:P also did not vary with fruit availability z-scores (a 
continuous measure). 
Contrary to predictions, the 10:1 NPE:P ratio in wild orangutans is not 
significantly different between animals, between the two sexes, or between age-sex 
categories. This suggests that orangutans maintain this ratio as a taxon. The overall trend 
in our data, although non-significant, was that female orangutans maintain a higher 
NPE:P than do males. Our findings had low power to detect these differences, though. 




sexes and between age-sex classes. Further, I was not able to assess plant secondary 
compounds (PSCs) in this research, but it is likely that PSCs have an important impact on 
orangutan foraging and this should be addressed as a component of nutrient balancing in 
the future.  
Protein Prioritization 
In addition to maintaining an NPE:P ratio, the orangutans in this dataset 
prioritized protein. Protein intake was maintained within a much tighter range than the 
range of carbohydrate and lipid intake, with less than 100 kcals between the first and 
third quartiles (this is half the difference between quartiles for lipid energy, and 10% of 
the difference between quartiles for carbohydrate energy.) Most orangutans consumed 
between 90-174 kcals of protein every day (Figure 4.2, Table 4.3). I will investigate the 
habitat wide variance in protein in future research.  
My argument that protein was prioritized is strengthened by the finding that 
protein intake does not vary with fruit availability – thus orangutans maintain a similar 
protein kcal intake regardless of how much fruit is available. A study analyzing 10 years 
of data at Tuanan found that protein intake decreases with increasing fruit availability in 
adult females and unflanged males (Vogel et al., 2017a). Thus, it is possible that my 
sample size was too small to detect this difference.  My research may provide an 
explanation for this phenomenon, though. Behaviorally, during the study period, 
orangutans would often leave available fruit resources to consume non-fruit and higher 
protein foods (Chapters 2 and 3). When orangutans left available fruit, they most often 




expect that protein intake would not be impacted by fruit availability nor by sex or age-
sex class. My findings support this prediction – protein intake did not vary by or sex or 
age-sex class. Interestingly, carbohydrate intake also did not vary between animals or 
sexes. Lipid, however, varied by both animal and by sex – males evidence higher lipid 
intake.  
Lipid Intake 
While carbohydrate intake did vary with fruit availability, lipid intake did not. In 
this dataset, lipid intake varied dramatically over the entire study period. My 
interpretation is that, rather than the variance in lipid intake being minimal and thus non-
significant, the variance in lipid was so high throughout the year that statistically there 
was no difference between periods of high and low fruit.  
Lipids have the highest caloric fuel values by gram (9 kcal/g, as opposed to 4 
kcal/gram for both carbohydrate and protein.) Thus, one would expect that an energy 
maximizing herbivore would exploit lipid-rich resources whenever possible. While the 
female orangutans in this study trended toward non-significantly higher NPE:P, males ate 
significantly more lipid energy. In particular, a relatively new flanged male had the 
highest lipid intake. It is possible that males maintain higher lipid intake to grow and 
maintain flanges, but our data set is not large enough to investigate this relationship. I 





In contrast to lipid and to carbohydrate, some protein intake is often not converted 
to energy due to metabolic capabilities unless an animal enters gluconeogenesis or has an 
excess of both protein and energy (Smolin & Grosvenor, 2011; Vogel et al., 2012). 
Protein is required for muscle tissue, basic cell functioning and structure, enzymatic 
reactions, cell membrane transport, hormones, the immune response, and many other 
bodily functions (Smolin & Grosvenor, 2011). Thus, it is not surprising that a highly-
frugivorous herbivore would, in addition to seeking energy, attempt to maintain an ideal 
range of protein intake. Too much protein (at the expense of carbohydrate and lipid 
energy) can result in weight loss in humans (Westerterp-Plantenga & Lejeune, 2005; 
Wolfe et al., 2017), but too little protein is a detriment to all cellular and bodily 
functioning, including growth, maintenance, and reproduction (Trumbo et al., 2002). My 
data suggest that wild orangutans have multiple foraging goals: maximizing energy, and 
maintaining a 10:1 ratio of NPE:P by keeping protein intake within a tight range 
(prioritizing protein). These goals are not mutually exclusive, and provide an explanation 
for why orangutans leave high-energy fruit to consume lower energy, and higher protein 
foods.  
The nutrient goals evidenced in this population of wild Bornean orangutans are 
not unique in the primate world (Felton et al., 2009b; Irwin et al., 2015). In Simpson et al. 
(2003) human subjects, left to feed ad lib in controlled settings, consumed approximately 
11-15% of their daily caloric intake as protein, equivalent to an NPE:P ratio of between 




comparable P as during the baseline ad lib treatment, but decreased their NPE. When in 
the low-protein, high NPE treatment, subjects consumed a much higher fat and 
carbohydrate load (and thus overall caloric intake), but again maintained a stable protein 
intake as during the ad lib period. Similar results were obtained when a constant menu 
was offered, but the foods in the menu were altered to include more or less NPE and 
protein (Gosby et al., 2011). When we look across human populations worldwide and 
over time, protein intake also remains stable at approximately 15% of the diet, and at a 
stable intake amount of approximately 400 kcals in men and 270 kcals in women (Austin 
et al., 2011). In contrast, over the past 4 decades, the diet in the United States has 
changed to include foods that are more lipid- and carbohydrate-rich and less protein-rich 
(Simpson & Raubenheimer, 2012). In this food environment, humans exhibit the same 
rule of compromise as in the experimental research of Simpson et al. (2003), humans eat 
more fat and carbohydrate energy to achieve a stable protein intake. This extremely tight 
regulation of protein (which comprises a small part of the total dietary intake), and a rule 
of compromise that allows for over-eating lipid and carbohydrate to meet a protein intake 
target is an example of protein leveraging. Leveraging protein in this way has 
implications for obesity – in environments where the least expensive foods are higher in 
fat and carbohydrate and lower in protein, the most cost-effective option is to consume 
more NPE in order to meet protein needs, thus leading to higher caloric intake 
(Raubenheimer et al., 2015b; Simpson & Raubenheimer, 2005, 2012).  
Taken together, my research suggests that orangutan foraging goals are similar to 




larger portion of the diet. Both species balance nutrient intake toward a species specific 
NPE:P ratio and prioritize protein while allowing fat and carbohydrate to vary. Humans, 
however, leverage protein – this is a more strict form of protein prioritization in which 
the amount of energy consumed is dictated by protein intake (Gosby et al., 2011; 
Simpson & Raubenheimer, 2005). Whereas protein prioritization is the maintenance of 
protein intake within a more tight range than that of other nutrients, protein leveraging 
occurs when an organism maintains the intake of protein so tightly that the intake of 
calories is related to achieving the prioritized protein intake goal. I do not have evidence 
of orangutans protein leveraging – while orangutans kept protein intake within a tighter 
range than non-protein intake, I do not have evidence that they overate other nutrients in 
order to meet this goal. Instead, my data suggest that orangutans can meet their protein 
intake by supplementing their diet with leaves and other food sources. More controlled 
captive research could help to determine whether protein leveraging does occur in 
orangutans.  
Orangutans have been cited as potential models for how human ancestors, and the 
Australopithecines in particular, were able to forage outside of the more predicable 
African rainforests (Dominy et al., 2008; Knott, 1999). There is a large body of research 
examining dental and jaw morphological similarities (Baker et al., 2014; Dominy et al., 
2008; Kay, 1985; Lucas, 2004, 2007; Schroer & Wood, 2015; Taylor, 2006, 2009; Taylor 
et al., 2008; Teaford, 2007a; Ungar, 2007a; Vogel et al., 2014b) and fat storage (Taylor, 
2006, 2009; Taylor et al., 2008). Here I provide evidence that the foraging goals of 




protein), and different in others (orangutans have a higher NPE:P ratio and I do not have 
evidence of protein leveraging) thus suggesting that orangutan foraging may provide an 
entrée into our understanding of what and how extinct hominins ate. From this, future 
research is needed to explore the correlates of the differences in protein intake between 
humans and orangutans, and both species’ capacity to store fat and to over-consume 
energy when it is available. 
My findings also provide more insight into why orangutans make the foraging 
choices they do – a topic relevant to orangutan conservation and captive feeding. 
Primatologists are often called upon when conservation agencies are selecting 
conservation lands to suggest which fruit species should be present in a good orangutan 
habitat. While fruit is an important part, and forms the majority, of the orangutan diet, my 
data demonstrate that proteinaceous food resources are also important. Further, fruit is an 
ephemeral, and in most Indonesian forests, unpredictable resource. I suggest that in 
addition to targeting land with sufficient fruit resources, conservation lands should also 
contain resources that allow orangutans to consume sufficient protein, and preferably a 
variety of resources that allow orangutans to meet their intake target ratio.  
This NPE:P ratio can also be used to inform captive orangutan feeding, both in 
zoos and in rehabilitation centers. I have received or been made aware of several requests 
for recommendations from zoos and rehabilitation centers whose primates, and 
orangutans in particular, are overweight. This was once attributed to a reduction in 
activity, but recent research suggests decreased activity is not a major contributing factor 




captive primates, when fed a diet that does not allow them to meet their intake target 
without sufficient compromise, may be consuming more of certain nutrients to get to a 
range of others (Raubenheimer et al., 2015b). In orangutans, for example, I recommend 
feeding foods that are either formulated near the 10.1:1 NPE:P ratio, or can be consumed 
in a complementary nature to meet this ratio. Some populations of orangutans, such as 
those at GPNP, do seem to have a propensity to take advantage of available foods, and 
fruits in particular, to store fat (Knott, 1998; Leighton, 1993; MacKinnon, 1974; 
Wheatley, 1987). Thus, I recommend monitoring the available energy in relation to the 
NPE:P ratio. Upcoming research from the Vogel lab at Rutgers University suggests that 
periods of low energy intake may have benefits for orangutan health and life. Pontzer et 
al. (2010) provide estimates of DEE that could be useful in guiding energy intake, and if 
this energy is comprised of approximately 10.1:1 NPE:P, this should limit the 
orangutans’ ability to over-consume energy. This will not be an easy task for orangutans 
in social group settings, and young captive orangutans will likely leave the non-fruit 
items to wilt, so placing non-fruit items out of the sun and where they can be consumed 
later to maintain a nutrient balance is advised. Selecting a chow that will allow 
orangutans to maintain this ratio would also be advisable. It is also critical to assess the 
health of captive animals, especially young animals, as you make dietary switches. Future 
research examining the dietary and nutrient balance needs of young orangutans is 
necessary to provide more specific recommendations. Still, I see promise in using the 





CHAPTER FIVE. THE MOVEMENT ECOLOGY OF WILD BORNEAN 




 The foraging goals of orangutans and other frugivorous primates have largely 
been characterized as centered around seeking fruit, with other food types being 
consumed as encountered. Here I challenge that characterization in light of newer 
foraging theory suggesting that animals balance nutrients. My research suggests that 
orangutans maintain a ratio of non-protein energy to protein, and regulate protein intake. 
I build on a foundation of research that orangutans maximize energy in this forest. I 
question whether those goals can be met by seeking only fruit. Using geospatial data and 
the tools of the movement ecology paradigm, I find that orangutan decisions to leave a 
patch are not influenced by patch type, but are influenced by the distance travelled to the 
patch (p = 0.008). Further, I find that the non-fruit foods consumed by orangutans are not 
found along the path between fruit resources, and instead orangutans deviate from the 
path between two fruit patches to consume non-fruit foods (p = 6.819e-07). Next, I 
attempted to understand the internal nutrient states and foraging goals that are correlated 
with directional change in orangutan paths. I found no relationship between the acuteness 
of direction change (as a proxy for a decision to change direction) and the subsequent 
food type, or between the animal’s current nutrient ratio and angle of direction change. 




which are happened upon opportunistically. I discuss these findings in the context of 
orangutan conservation efforts. 
Introduction 
The description of frugivorous primates as driven by the singular goal of seeking 
high-energy fruit is likely an over-simplification. Instead, my research (Chapter 4) and 
that of others suggests that primate foraging behaviors are driven by complex foraging 
goals (Irwin et al., 2015; Johnson et al., 2017; Johnson et al., 2013; Rothman et al., 2011; 
Vogel et al., 2014a). Similarly, orangutans have served as a classic example of an energy 
maximizing frugivorous primate for decades. However, my recent findings demonstrate 
that orangutan foraging involves a complex strategy including energy maximization, a 
target range of protein intake, and a target ratio of non-protein energy to protein intake. 
Orangutan geospatial research, like most primate ranging research, has only rarely 
examined the movements of frugivorous primates in a context outside of energy 
maximization. Here I revisit orangutan ranging data using the methodologies of the 
movement ecology paradigm coupled with a characterization of orangutans as nutrient 
balancing energy maximizers. Can the complex nutrient goals of orangutans be 
accomplished by seeking fruit and consuming other foods as happened upon while 
searching for fruit? Or do orangutans have other foraging goals beyond seeking fruit?  
Orangutans are frugivorous primates whose diets consist of a majority fruit, with 
other foods such as leaves, bark, pith, flowers, and insects varying based on the 
availability of fruit (Dierenfeld, 1997; Galdikas, 1988; Hamilton & Galdikas, 1994; 




van Schaik et al., 2009b; Vogel et al., 2017a; Vogel et al., 2015; Wich et al., 2006a). 
When fruit is low, non-fruit foods comprise a larger proportion of the diet. When fruit is 
high, the orangutan diet is largely fruit (Knott, 1998; Morrogh-Bernard et al., 2009; 
Russon et al., 2009; Vogel et al., 2017a; Vogel et al., 2012). Fruit, as a class of foods, is 
the most energy-dense resource in the orangutan diet (Conklin-Brittain et al., 2006; 
Knott, 1998; Vogel et al., 2015), and thus orangutans have been considered energy 
maximizers whose foraging goal is to consume fruit when it is available. In this optimal 
foraging-based characterization of orangutan foraging, non-fruit foods that are consumed 
are thought to be consumed opportunistically as the orangutan passes them en route from 
one fruit resource to another (Baritell et al., 2009; Rodman, 1977). Non-fruit foods are 
often lower in energy per gram (though they do contain protein and likely important 
micronutrients), and thus a strict energy maximization foraging strategy would not be 
expected to include deviating from the shortest path to fruit to expend extra energy 
travelling to non-fruit resources when energy maximization is the primary goal.  
This characterization makes sense in some ways. In the forests of Indonesia, like 
many primate habitats, fruiting is an ephemeral and unpredictable event, whereas bark 
and leaf resources are assumed to be more consistently available [although this 
characterization of leaves, especially new leaves that orangutans consume, may not be 
accurate (Sayers & Norconk, 2008)]. It can also be argued that the forests of South East 
Asia are more depauperate than those of other primate habitats (van Schaik & Pfannes, 
2005). This is likely true in the masting forests of Indonesia, including the site of this 




fruit availability are punctuated by unpredictable periods of extremely high fruit 
availability that are likely related to the El Niño Southern Oscillation (ENSO) cycle 
(Appanah, 1981; Ashton et al., 1988; Cannon et al., 2007; Medway, 1972; Van Schaik, 
1986). Thus, according to this characterization orangutans have to search for fruit, and 
find these resources when they are of the proper ripeness stage, whereas bark and leaf 
resources can be found along the way to the next fruit resource.  
Similarly, orangutan ranging behavior has been studied in the context of fruit 
availability. In this context, orangutan behaviors are classified as energy maximizing 
(increasing ranging to meet needs) and/or time minimizing [reducing travel, and thus 
energy expenditure, to save energy and time (Hemingway & Bynum, 2005; Knott, 1998; 
Knott, 1999; Vogel et al., 2017a; Vogel et al., 2015)]. This characterization has also been 
applied to many other taxa, as discussed below. For example, in a multi-population 
survey, orangutans inhabiting more reliable non-masting forests spend more time 
travelling and feeding than do those in less reliable masting forests (Morrogh-Bernard et 
al., 2009). The orangutans studied at Gunung Palung National Park did not alter feeding 
time during low fruit availability, though they were eating lower energy foods (Knott, 
1998; Knott, 1999). This population did, however reduced their daily path length 
(travelled a shorter distance) during low fruit periods (DiGiorgio & Knott, 2012; Knott, 
1998). Taken together, Bornean female orangutans have been characterized as adopting a 
“Sit-and-Wait” strategy at some field sites, which allows them to conserve energy during 
periods of low fruit (Morrogh-Bernard et al., 2009). At other field sites, orangutans 




was not correlated to fruit availability, and instead this population is said to take a 
“Search-and-Find” strategy where they continually move in search of food resources 
regardless of fruit availability level (Harrison et al., 2010). 
To date, most orangutan ranging behavior has been assumed to be dependent on 
seeking high-energy fruits (DiGiorgio & Knott, 2012; Galdikas, 1988; Knott et al., 2008; 
Leighton, 1993; MacKinnon, 1974; Marshall et al., 2009a; Morrogh-Bernard et al., 2009; 
Rodman, 1977). This characterization of orangutan foraging as seeking fruit and only 
consuming other resources along the way may be an oversimplification, however. Using 
the methodologies of the Geometric Framework for Nutrition (GF), our research suggests 
that orangutans maintain a 10.1:1 ratio of non-protein energy to protein intake (Chapter 
4). Thus almost 10% of the orangutan diet is protein. How do orangutans come by this 
protein? The 10.1:1 ratio that we found does not reflect the nutrient content of the 
available orangutan foods if consumed at random, nor is it similar to the content of the 
fruits that orangutans consume. Thus, these apes are eating foods in particular amounts to 
meet this ratio. In this population, orangutans also maintain a mean intake of 152 kcals of 
protein intake per day (Chapter 4). Thus, orangutans are making foraging decisions to 
switch between fruit and non-fruit foods to achieve this ratio. During our research, 
orangutans left available fruit foods to consume non-fruit foods during 82% of the follow 
days, and consumed non-fruit resources when fruit was in visual proximity (Chapter 4). 
These findings suggest a new look at orangutan foraging decisions is warranted to 





Clearly, it is impossible to ask an orangutan why it makes the foraging decisions 
it does. Yet to understand the foraging goals of an animal, we can uncover cues of 
intentionality in the animal’s movement. The movement ecology paradigm provides tools 
with which to do this. Movement ecology uses the patterns and processes of an 
organism’s observed movement to reveal underlying decision processes (Nathan, 2008). 
While a wealth of research has described and measured the movement of organisms, the 
movement ecology paradigm marries movement data with external and internal factors 
(Holyoak et al., 2008) — allowing these characteristics of travel to be measured as an 
index of animal decision making that was not previously possible (Beisner & Isbell, 
2009). The movement ecology paradigm looks at movement within four interconnected 
elements: (1) the internal state of the organism (why move?) (2) the locomotor 
capabilities of the organism (how to move?) (3) the navigational capabilities and 
decisions of the organism (when and where to move?) and (4) the external factors 
affecting movement (Nathan, 2008; Nathan et al., 2008).  
Most commonly, movement research in the past, within and outside of the 
movement ecology paradigm, has examined the movement of organisms in the context of 
locomotor capabilities and external factors (Holyoak et al., 2008). Primate research has 
long considered additional aspects of movement, incorporating how primates make 
cognitive choices to move through ecologically variable environments (Janson & Byrne, 
2007). Ecological variables such as fruit availability are often added to investigations of 
external factors (Ban et al., 2014; Doran-Sheehy et al., 2004; Garber & Porter, 2014; 




et al., 2009; Tujague & Janson, 2017a, 2017b; Tujague et al., 2015). This research yields 
a diverse array of movement strategies in response to food availability, habitat type, and 
other ecological variables. For example, within species, the daily path length of Western 
gorillas in a more fruit rich environment with fewer herbaceous food resources was 
longer than that of mountain gorillas, and was largely correlated with fruit availability 
(Doran-Sheehy et al., 2004). Habitat type can be such a strong factor in movement that 
the travel of vervets (Cercopithecus aethiops), while unique in a habitat with more dense 
and large food patches), converged on that of patas monkeys (Erythrocebus patas) when 
these monkeys shared a habitat (Isbell et al., 1998). As noted above, these differences in 
movement also occur in between orangutan populations. In orangutans, evidence suggest 
that female daily path lengths are correlated with food availability, in heterogenous and 
homogenous habitat types, and that orangutans are more frequently found in (and thus 
likely alter their ranges to coincide with) habitats with higher fruit availability (Knott et 
al., 2008; Leighton, 1993; Singleton et al., 2009; teBoekhorst et al., 1990; Van Noordwijk 
et al., 2013; Vogel et al., 2017a; Wartman et al., 2010), though this is not true in all 
orangutan populations (Harrison et al., 2010). Social variables can also alter movement 
strategies. For example, higher ranking captive Macaca mulatta moved faster and in less 
tortuous paths than did lower ranking captive monkeys (Beisner & Isbell, 2009).  
Further, due to primates’ cognitive capacity, primate research often includes an 
analysis of the navigational capabilities of the taxa, including investigations of route 
based travel, cognitive mapping, and navigational cues (Asensio et al., 2011; Di Fiore & 




al., 2009; Normand & Boesch, 2009; Porter & Garber, 2013; Tujague & Janson, 2017b). 
This has yielded very interesting research findings demonstrating the cognitive 
capabilities of primates. A study of six Old and New World monkey species — three 
folivorous (Alouatta pigra, Colobus vellerosus, and Procolobus rufomitratus), and three 
frugivorous (Ateles geoffroyi yucatensis, Lophocebus albigena, and Chlorocebus 
pygerythrus) — demonstrated that while these monkeys largely conform to predictions of 
random searching for leaves and non-random search strategies for fruits, they also alter 
foraging movement strategies to account for seasonal changes in food distribution 
(Reyna-Hurtado et al., 2017).  Studies of mangabeys (Cercopithecus atys and 
Lophocebus albigena) suggest that these monkeys use fruiting synchrony as a cue to 
inspect and approach similar trees, and provide evidence of spatial memory as 
mangabeys travel faster to trees in which they consumed fruit the previous day (Janmaat 
et al., 2006; Janmaat et al., 2012). Capuchin monkeys evidence spatial and temporal 
foraging strategies including travelling more quickly and more directly toward resources 
in which they expected a larger crop (Janson, 1998; Tujague & Janson, 2017b), spatial 
long term memory of resources for up to 4 months (Tujague et al., 2015), and anticipation 
of fruit ripening over time (Janson, 2016). Chimpanzees are also capable of monitoring 
resources and anticipating fruit ripeness and crop size, and direct travel to ripe fruit 
resources with larger crop sizes (Ban et al., 2014; Janmaat et al., 2013). Chimpanzees 
evidence the ability to anticipate fruiting and competition and plan for feeding by 
beginning travel earlier and nesting nearer to ephemeral or highly sought-after fruit 




that orangutans are aware of when a resource has been depleted, and organize their travel 
paths to minimize distance travelled to retrieve resources (MacDonald & Agnes, 1999).   
The internal state of an organism in relation to its movement and questions about 
“why move” are very rarely studied, appearing in less than 3% of organismal movement 
research (Holyoak et al., 2008). In primate literature, Sayers et al. (2010) invoke OFT to 
note that travel time to a patch is rarely considered as a correlate of why an animal will 
choose to stay in or leave a patch. The speed of travel, however, was addressed in wild 
capuchins. These monkeys slow their travel as the day progresses, likely as a correlate of 
decreasing hunger, and then increase their speed in the afternoon (Tujague & Janson, 
2017b). Internal state also includes satiety, as discussed in Chapters 1, 3, and 6.  
Given the movement ecology and capabilities of other primates detailed above, I 
expect that orangutans engage in goal directed foraging with some spatial and/or 
temporal awareness of fruit cycles. My intent is to include, but also move beyond, 
questions of the impact of fruit availability, using the tools of movement ecology to 
investigate the foraging goals of orangutans, to ask what factors prompt an orangutan to 
begin moving to the next feeding bout, what foods the orangutans are seeking, and what 
internal states are associated with foraging choices.  
My first research questions seek to add to our knowledge of what motivates an 
animal to move (when to move?) My previous research shows that orangutans do leave 
patches of fruit while there is still fruit available, and that this cannot be explained by a 
decrease in feeding rate (Chapter 3). To better understand why an orangutan chooses to 




patches to which they have travelled farther (this prediction is based on the thought that if 
an animal has expended more energy to travel to a patch, it should stay in that patch 
longer to maximize energy intake compared to expenditure.)  
I next used movement data to assess the predicted goals of orangutan foraging. As 
above, orangutans have been characterized as seeking fruit, and only eating non-fruit 
foods en route to a fruit resource, and I assume that orangutans have knowledge of the 
locations of some fruit resources in their habitat. If this is true, then non-fruit food bouts 
should be found along the direct line between two feeding bouts. Our earlier findings 
suggest that orangutans seek non-fruit foods (Chapter 2), as well, which would allow 
them to meet their nutrient balance and protein goals. Thus, I hypothesize that orangutans 
will deviate from the straight line drawn between two fruit feeding bouts to consume non-
fruit foods.  
I used the angles between bouts to examine whether the internal nutrient state of 
the orangutan is correlated with changing directions, or whether the change in directions 
is correlated with the characteristics of the next bout. If an animal is travelling a straight 
path and changes directions, the movement ecology paradigm suggests that this 
directional change is a clue about the animal’s intentionality toward its next destination 
(Bryne & Noser, 2009; Nathan et al., 2008). I ask whether orangutans change directions 
(yielding sharper angles) when their current NPE:P is farther from the target (daily or 
population) NPE:P, possibly to move toward a food that will bring them closer to their 
target NPE:P, or whether changes in direction are correlated to the food type and energy 




Finally, I discuss my findings within the discourse of orangutan and wildlife 
conservation. I use my findings to provide recommendations for habitat and food types 
that should be included in conservation, translocation and reintroduction sites.  
Methods 
Study Site and Subjects 
Data for this study were collected at the Cabang Panti Research Station in the 
primary rainforest of Gunung Palung National Park, West Kalimantan, Borneo. This 
forest is characterized by long and unpredictable periods of low fruit (between 2-10 
years) punctuated by “mast” fruiting episodes during which approximately 80% of the 
dipterocarp species fruit, leading to a surplus of high-energy fruit (Appanah, 1981; 
Ashton et al., 1988; Cannon et al., 2007; Medway, 1972; Van Schaik, 1986). This field 
site is a primary tropical rainforest comprised of 7 habitat types– alluvial bench, 
freshwater swamp, peat swamp, upland granite, lowland granite, lowland sandstone, and 
montane forest (Knott, 1998; Knott, 1999; Knott et al., 2008; Marshall et al., 2009a; 
Marshall et al., 2014). 
The population of wild Bornean orangutans at the Cabang Panti Research Station 
has been studied for more than 30 years and there are no known reintroduced animals in 
the population (Knott, 1995, 1997; van Noordwijk et al., 2018). In this sample, all 




Focal Animal Follows and Feeding Data 
Orangutans were followed using the protocol of Knott (Knott, 1998; Knott, 1999; Knott 
et al., 2008) — orangutans were found opportunistically and followed for a maximum of 
5 days. In this data set, only full day (nest-to-nest) follows were included to ensure all 
feeding bouts were recorded. Whenever possible, animals were followed on multiple 
consecutive days.  
Every feeding bout was recorded. Feeding data included the start and stop time of 
the bout, the food type and part, the feeding rate per minute (Knott, 1998; Knott, 1999; 
Knott et al., 2008). Food samples were collected for verification and for nutrition samples 
(Chapter 4).  
Nutrition Analysis and Calculations 
When a food was consumed that had not been previously analyzed by Knott 
(Knott, 1998; Knott, 1999), I collected samples of the same ripeness totalling at least 36g 
of dry weight from the same area of the tree whenever possible. These foods were 
analyzed at the Laboratorium Pengujian Nutrisi (LIPI) Bogor, Indonesia, as regulations 
have changed and we were not able to export samples out of Indonesia. Nutritional 
content for foods previously collected by Knott were analyzed at the Nutritional 
Biochemistry Laboratory in the Department of Human Evolutionary Biology at Harvard 
University. The differences between the methods of these two labs are detailed in Chapter 
4. 
Nutrition data used here include Ash, Lipid, Available Protein, Neutral Detergent 




protein and other nutrients, was subtracted out of both the NDF and the AP measures 
(Conklin-Brittain et al., 2006; Knott et al., (in review); Masi et al., 2015). Total 
Nonstructural Carbohydrates (TNC) was calculated using the formula: 
 
%𝑇𝑁𝐶 = 100−%𝑙𝑖𝑝𝑖𝑑 −%𝐴𝑃 −%𝑡𝑜𝑡𝑎𝑙 𝑎𝑠ℎ − (%𝑁𝐷𝐹 −%𝑙𝑖𝑔𝑛𝑖𝑛) 
 
From these values, total energy was calculated following conventional practice 
and adding the digestible energy from fiber, using the equation (Conklin-Brittain et al. 
2006 and Knott 1998): 
𝑀𝐸𝑘𝑐𝑎𝑙
100𝑔𝑂𝑀 = 4 × %𝑇𝑁𝐶 + 4 × %𝐴𝑃 + 9 × %𝑙𝑖𝑝𝑖𝑑
+ [1.782 × %𝑁𝐷𝐹 −%𝑙𝑖𝑔𝑛𝑖𝑛 ] 
 
 Nutritional State 
In several analyses, I included variables for the orangutans’ nutritional state based 
on the findings that orangutans in this population maintain an average intake target of 
10.1:1 non-protein energy to protein. In these analyses, I compared the difference in the 
orangutan’s current cumulative NPE:P at the end of the feeding bout with the population 
average (ΔPop). For example, if an animal had eaten a cumulative 300kcals NPE and 
10kcals P, or a 30:1 ratio, the difference between the current state (30:1) and the 
population intake average (10.1:1) was calculated as 30 – 10.1 = 19.9 ΔPop. I also 
compared the difference in the orangutan’s current cumulative NPE:P at the ending of the 





Fruit availability was assessed by calculating the fruit production of plants in 70 
sample plots (10 plots randomly placed in each of the 7 habitat types), monitored by A. 
Marshall et al. (2014) in collaboration with C. Knott. From the total production, the 
productivity of the top 25 fruit genera that orangutans consume was calculated. Using 
this, the kcals of available fruit per hectare was calculated. The kcals/ha was normalized 
into z-scores of food availability. During this study period, z-scores ranged between -1.30 
to 2.25. While the mean kcals/ha was not significantly different, the mean percent fruit 
availability during the study period was significantly lower than that of the 22-year site 
data collection (Chapter 4, Table 4.2), but this is likely because there were no masts 
during the study period.  
GPS Data Collection 
GPS data were collected on a Garmin GPSMAP 62 or 62S series Handheld GPS 
Navigators. These units have an error of less than 10m 95% of the time, in typical use. 
This site is likely not a “typical use” site and error is discussed below. Track lines were 
set to record continuously (as often as the unit received a signal, which was typically 
every 3–27 seconds). Waypoints that will be used here were taken when the animal 
started a feeding bout (the GPS unit was hung on the trunk of the feeding tree for the 
duration of the feeding bout), and when the animal was in a nest. Waypoints were also 
taken where the animal paused (stopped for more than 17 seconds), where the animal 
defecated or urinated, and where the animal long called or where a long call was heard. 




Initial GPS Data Conversion and Cleanup 
GPS data were first reviewed in .gdb format using Garmin BaseCamp v 4.7.0 
(GarminLtd., 2018). To clean the data, which had an average error of 4.59m (sd = 1.46, 
with instances of error greater than 25m), I first reviewed the track line. For the track 
line, to improve measurement interval consistency, I used the waypoints at every 30 
seconds when possible. When this was not possible (if there were no waypoints at 30 
seconds, or if the waypoint at 30 seconds was more than 15m away from previous and 
subsequent waypoints), I used the waypoint closest to the 30-second interval (before or 
after) that was best aligned with the previous and subsequent data. I also used paper data 
from the field that included directional changes of the orangutan (cardinal and ordinal 
directions) to inform the cleaning process. In addition, I used the collected feeding bout 
waypoints to inform which track line segments to use.  
The waypoints that were used in this analysis mark the sites of feeding bouts and 
nests. For each follow, two GPS units were collecting waypoints, and these were 
compared to the track line as we cleaned the data. From this, the file with the waypoints 
closest to the track line was selected, and these waypoints were included in a separate 
.gpx waypoint file, and were snapped (ArcGIS Snap Tool, described below) to the track 
line files to measure distance between bouts. 
The track line and waypoint files were completed for each day of the dataset 
where these data were collected. We collected a total of 43 follows with track line and 




(ESRI, 2017). Different methods and tools were used for each analysis, and these are 
described below. 
Daily Path Length 
Daily path length (DPL) was calculated in ArcGIS using the Measure A Feature 
function of the Measure tool (ESRI, 2017). Distance is presented in meters. The DPL of 
43 follows were used in this analysis. DPL is included in the “Distance Data” category of 
Table 5.1. 
Distance Between Bouts 
To find the distance between feeding bouts, I used the track line and waypoint 
.gpx files for each follow day (372 bouts, 31 follow days). Often, the waypoints (feeding 
bouts and nest) were not perfectly aligned with the track line. To reconcile this, I used the 
Snap feature within Editing Tools to snap the waypoints to the track line. For this 
process, the Input Layer was the waypoint layer, and the Snap Environment was the track 
line layer. The type of feature to which the waypoints would be snapped was the Edge, 
and the distance we used was 500m. This created a track line with feeding and nest 
waypoints along it. I then used the measurement tool (Geodesic Line Measurement) in 
meters to follow the orangutan’s track line and calculate the distance between feeding 
bouts (ESRI, 2017). Since the track line data still has some error, I worked strictly within 
1:800 and 1:1673 scales for consistency. I also ignored any deviations that (1) deviated 
more than 15m from the original track and then returned to the original track, or (2) were 




not include feeding or nesting waypoints.  Distance between bouts is included in the 
“Distance Data” category of Table 5.1. 
Fruit to Fruit Analyses 
To analyze whether orangutans travel a route from fruit to fruit, and only consume 
non-fruit foods that they happen upon en route to the next fruit resource, I compiled two 
sets of distance data. I only used fruit bouts that had one or two subsequent non-fruit 
bouts followed by a fruit bout. In other words, this dataset is comprised of strings of 
subsequent feeding bouts beginning and ending with fruit bouts, that were either fruit to 
non-fruit to fruit, or fruit to non-fruit to non-fruit to fruit. A total of 54 strings of feeding 
bouts met these criteria.  
To assess whether orangutans made deviations from a fruit to fruit route to eat 
non-fruit foods, I compared the distance between the two fruit bouts and the sum of the 
distance between the fruit to non-fruit (to non-fruit when necessary) to fruit track 
segments. For example, if an orangutan consumed fruit (A) then leaves (B) then bark (C) 
then another fruit (D), I would measure the distance AD, and compare that to the 
distances between AB + BC + CD. If AD = AB + BC + CD, then the orangutan did not 
deviate from a path of fruit to fruit, and only consumed non-fruit foods along the path. If 
AD < AB + BC + CD, then the orangutan did deviate to consume non-fruit foods. See 
Figure 5.1 for a visualization of this analysis and Figure 5.2 for the analysis in actual 
follow data. I compare this using a paired t-test, and also report the percent deviation.  
In this analysis, I cannot rule out the possibility that the orangutan deviated from a 




available. My data demonstrating that orangutans consume non-fruit foods when fruit is 
available and in visible proximity, however, bolsters my suggestion that orangutans are 
travelling to non-fruit foods as well.  
 
 
Figure 5.1. Diagram of the Fruit to Fruit analysis including the null and alternative 
hypothesis. If orangutans are only consuming non-fruit foods en route to fruit foods, AB + 
BC + CD should be equal to AD (null hypothesis). If the sum AB + BC + CD is greater than 
AD, the orangutan deviated from the path between fruits to consume non-fruit foods.  
 
Angle Calculation 
The movement ecology and cognitive foraging paradigms have used directional 
changes as indicators of navigational choice (Bryne & Noser, 2009; Garber & Jelinek, 
2005; Garber & Porter, 2014; Nathan, 2008; Nathan et al., 2008). If an animal is 




in direction was intentional — a 180-degree trajectory is an indicator of travel in a 
straight line, and sharper (more acute) angles indicate directional changes. There are 
several methods with which to test an organism’s change of direction. My GPS data were 
not conducive to the use of the Change Point Test (Bryne & Noser, 2009), which creates 
trajectories between waypoints and assesses whether there is, essentially, an acute angle 
between one trajectory and the subsequent. In this case my data had too much noise, and 
the animals changed direction too frequently to form trajectories (see Byrne and Noser, 
2009 for examples of similar data). My data were also not appropriate for the R package 
adehabitatLT, which also uses GPS data to measure angles (Calenge, 2011), in this case 
largely because of the time signatures in the GPS data. Thus I measured the angle 
between bouts in a method similar to that of Garber (Garber & Jelinek, 2005; Garber & 
Porter, 2014), but using the NIH tool ImageJ (Rasband, 1997) to measure angles, yielding 
continuous measures.  
To measure angles, I first exported waypoint maps generated by ArcMap (ESRI, 
2017) as .jpg images. These .jpg images were then opened in ImageJ (Rasband, 1997), 
and the angle tool was used to record each angle between a feeding bout, the bout before 
it (the trajectory to the bout) and the bout after it (the trajectory from the bout). Angles 
were recorded in degrees. This dataset includes 529 bouts from 43 follow days (2 bouts 
were not measurable), and is included in the Angle Data columns of Table 5.2.  
When interpreting these angles (from 0-180°), I used two approaches. When an 
animal is in a feeding bout, and chooses to change directions, it can be hypothesized that 




angle of direction change with the subsequent feeding bout to explore the goal of 
directional changes. On the other hand, after a feeding bout, when an animal decides to 
change directions, it could do so because its internal state motivates it toward a certain 
type of food in the next bout. To investigate the internal state of an orangutan when he or 
she changed direction, I compared the angle of direction change with the cumulative 
nutritional state (cumulative protein, cumulative energy, cumulative NPE:P, etc.) of the 
animal in the bout that forms the vertex of the direction change Directional change and 
the associated food types and nutrient states were analyzed using GLMMs with orangutan 














Figure 5.2 Maps of a full day follow of Walimah, an adult female (without offspring) from 
August 14, 2015. (a) The complete map of the feeding bouts within a follow. In this follow 13 
feeding bouts occurred, and 3 nest sites are marked (morning, day, and night.) The gray 
line is the GPS track line, and the bouts are noted by food type (see figure legend). (b) An 
annotated map from this follow of Walimah, including feeding bouts 3 through 13 and the 
day and night nest. This enlargement includes dashed lines drawn to analyze the fruit to 
fruit paths and whether non-fruit foods occurred along these paths. For example, for bouts 
9 through 11, Walimah consumed fruit (left available, bout 9), then leaves (bout 10), and 
then fruit (left available, bout 11). The line drawn between bouts 9 and 10 is shorter than 
the sum of the lines drawn between lines (9 to 10) + (10 to 11). Non-fruit bouts that occur 
outside of the line between fruit bouts are circled (dashed circles). In this example, it is clear 
that bout 10 occurred outside of the direct path between fruit bouts 9 and 11. The same is 
true for bout 7 (and to a lesser extent, bout 6) occurring between bouts 5 and 8. 
 
Statistical Analyses 
All statistical tests were completed in R Studio version 1.0.153 (RStudio, 2015) 
for R statistical software (RCoreTeam, 2017). I analyzed summary statistics (daily path 
length) and used a GLMM (log transformed, Gamma distribution), with orangutan as the 
random factor to test whether DPL varied by sex (fixed effect). I performed a similar 
GLMM (log transformed, Gamma distribution), with orangutan as the random factor to 
test whether DPL varied by age-sex class (fixed effect). I also used a GLMM (log 
transformed, Gamma distribution), with orangutan as the random factor to determine the 
impact of fruit availability on DPL.  
To determine whether time in a bout was correlated with distance travelled to the 
bout, I first performed a Pearson’s (r) correlation test on these variables. I next examined 
the effects of distance to bout, fruit availability, and food type (with orangutan as a 
random effect) on the time orangutans spent in a patch using a GLMM (gamma 




I ran several GLMMs (gamma distribution, log transformed) to determine the 
effects of combinations of the fixed variables (1) food type of subsequent bout, (2) kcals 
of subsequent bout, (3) NPE:P of next bout on directional change (with orangutan as a 
random effect), and selected the model with the lowest AIC value. A similar approach 
was taken to understand the effects of ΔDay and ΔPop NPE:P on angles of direction 
change, including sex of animal and fruit availability as additional fixed effects, and 
again using orangutan as the random effect.  
 
Results 
The goal of this research was to examine the correlates of orangutan movement 
and dietary choices. My sample includes 43 full-day follows comprising 529 feeding 
bouts (unless otherwise noted.) Table 5.1 contains the number of animals, by age-sex 
class, in the distance data and the angle data sets.  
 
Age-Sex Class # Animals in 
Distance Data 
# Follows in 
Distance Data 
# Animals in 
Angle Data 
# Follows in 
Angle Data 
Female - Adolescent 2 8 2 8 
Female - Adult alone 2 5 2 7 
Female - Adult w 
dependent offspring 4 13 4 13 
Male - Flanged 1 2 5 12 
Male - Unflanged 1 3 1 3 
TOTALS 10 31 14 43 
Table 5.1. Number of follows for distance analyses and angle analyses by age-sex class and 
orangutan. Distance data was used in tests of Daily Path Length and distance between 




Movement Summary  
The daily path length of this population ranged from 564.1m to 4171.5m, with a 
mean of 1828.7m (sd = 831.97m) per day. Daily path length for this sample was longer 
than previously published research at this site and for many orangutan sites (Singleton et 
al., 2009; Vogel et al., 2017a). Using a GLMM with orangutan ID as a random effect, 
daily path length did not vary by sex (Intercept = 2.00, β(FlangedM) = 0.03 p = 0.51, power = 
8.00% at 0.02 effect size). Using a GLMM with orangutan ID as a random effect, daily 
path length did not vary by age-sex class [Intercept = 2.00, β(AdultF) = -0.01 (p = 0.97), 
β(FlangedM) = 0.01 (p = 0.88), β(UnflangedM) = 0.08 (p = 0.48), power = 8.50 at effect size 
0.02]. These results should be interpreted cautiously, however, as only one unflanged 
male was sampled in this dataset, and I have low power in these analyses.  
In this dataset, the daily path length was not correlated to fruit availability z-
scores (GLMM with orangutan as random effect, Intercept = 7.44, β(FAZ) = 0.02, p = 0.68, 
power = 27.20 at 0.02 effect size).  This is a unique finding at this site and others, as 
many studies report that fruit availability does impact daily path length – this finding 
could be due to small sample size and thus low power, or to the lack of a mast fruiting in 
my dataset compared to the larger dataset at GPNP. DPL at Sabangau also does not 
change with variance in fruit availability (Harrison et al., 2010). 
When to Leave a Patch 
I tested several variables to elucidate which factors are related to when an 
orangutan decides to leave a patch, or how long an orangutan spends in a feeding bout. 




0.008, Figure 5.3). I next compiled a GLMM of how the time in a bout varies by distance, 
fruit availability, and food type with orangutan ID as a random effect. The results of this 
model are presented in Table 5.2. In this model, distance was significantly predictive of 
time in bout (confirming earlier findings), as were food types “insects” (n = 35, negative 
relationship) and “pith” (n = 42, negative relationship) —orangutans remained in pith and 










   
Intercept 3.30 0.18 18.66 <2e-16    
Distance 0.002 0.001 3.01 0.003    
FAZ 0.04 0.04 1.13 0.26    
Part- Flowers 0.07 0.45 0.15 0.88    
Part – Fruit -0.11 0.18 -0.61 0.55    
Part – Insects -0.56 0.23 -2.43 0.02    
Part – Leaves -0.09 0.17 -0.49 0.63    
Part – Pith -0.71 0.22 -3.17 0.002    
Correlation of Fixed Effects 
Variable Intercept Distance FAZ Flower Fruit Insects Leaves 
Distance -0.36       
FAZ 0.122 -0.02      
Part- Flowers -0.233 -0.18 -0.04     
Part – Fruit -0.72 0.05 -0.22 0.28    
Part – Insects -0.61 0.09 -0.19 0.21 0.57   
Part – Leaves -0.73 0.12 -0.24 0.26 0.72 0.56  
Part – Pith -0.69 0.01 -0.23 0.24 0.60 0.48 0.59 
Table 5.2 Results of GLMM investigating impacts of distance to bout, fruit availability z-





Figure 5.3 Correlations between the distance to a bout and the time in the bout, colored by 
food type.  
 
Fruit to Fruit Paths 
My next question was whether orangutans travel in straight lines to fruit resources and 
only consume other foods opportunistically along the way. In this test, I calculated the 
distance between 2 fruit bouts in which there were between 1-2 non-fruit bouts occurring 
in between. I then calculated the sum of the distance between the fruit bout and the non-
fruit bout(s), and then the distance between the non-fruit bout(s) and the final fruit bout. 
The null hypothesis is that the direct fruit to fruit path was equal to the sum of the fruit to 




bouts and did not deviate to get to the non-fruit bouts. A result showing that the path 
between fruit to fruit is less than the path between fruit to non-fruit and non-fruit to fruit  
indicates that the orangutan did navigate toward non-fruit foods. Here I found that the 
distance between fruit to fruit bouts (F-F) was less than the sums of distances between 
fruit to non-fruit plus non-fruit to fruit bouts [(F-NF + NF-F), paired t = -5.444, p = 
6.819e-07]. Figure 5.2 is a map of one follow day (a) with examples of non-fruit foods that 
fall outside of the path between two fruit bouts (b). The average percent difference in 
distance between F-F versus the sum of F-NF + NF-F was 18%, with a range of 8% to 
84% deviation from the fruit to fruit bout.  
I next sought to understand whether this difference in distances between F-F and 
F-NF + NF-F bouts was correlated to fruit availability. The percent difference in F-F 
versus the sum of F-NF + NF-F was not correlated to the fruit availability Z scores 
(Pearson’s r = 0.039, p = 0.777).  
Correlation of Changes in Direction to Foraging Goal 
I next used the methods of movement ecology to investigate correlations between 
directional changes in orangutan travel and any foraging and nutrient correlates. I ran 
several GLMMs investigating how changes in direction (angles 0-180°) were related to 
combinations of the following fixed variables (1) food type of subsequent bout, (2) kcals 
of subsequent bout, (3) NPE:P of next bout (each model included orangutan as a random 
effect), and employed an Information Theory approach wherein I selected the model with 
the lowest AIC value. None of the models was significant. The model with the lowest 




effects in this model were significant:  Intercept = 3.82, β(FoodFlower) = 0.32 (p = 0.64), 
β(FoodFruit) = 0.17 (p = 0.40), β(FoodInsects) = 0.11 (p = 0.70), β(FoodLeaves) = 0.09 (p = 0.68), 
β(FoodPith) = 0.20 (p = 0.44), power = 11.3% (at 0.02 effect size). Figure 5.4 illustrates the 
non-significant relationship between angle of direction change and food type of the next 
feeding bout.  
 
 
Figure 5.4. Angle of direction change by food type of the following bout. 
 
Our next set of tests asked whether changing directions was correlated with the 
internal state of the animal prior to the direction change, allowing us to seek relationships 




A GLMM (log transformed gamma distribution) demonstrated no significant 
relationships between the angle of direction change by the difference between the 
orangutan’s current NPE:P and the end of day NPE:P (ΔDay), the difference between the 
orangutan’s current NPE:P and the population NPE:P (ΔPop), the sex of the animal, and 
fruit availability when controlling for animal ID. The resulting model had an         
intercept of 4.04, and coefficients β(ΔDay)	=	0.01	(p	=	0.50),	β(ΔPop)	=	-0.02	(p	=	0.26),	
β(Sex-Male)	=	-0.20	(p = 0.13),	β(FruitAvail)	=	0.001	(p = 0.97).	Here	I	had	very	low	power	
(5.60%	at	effect	size	0.02).	 
I then asked if a change in direction was associated with leaving from (having 
consumed) a certain food type. This was significant (F = 3.602, p = 0.003), and a Tukey’s 
HSD post-hoc analysis demonstrated that these differences lie between Insects and Fruit 
(p = 0.008) and Insects and Leaves (p = 0.046). Figure 5.5 shows that the least sharp 
directional changes occurred after insect bouts, suggesting that insects were a food class 
encountered opportunistically while searching for other food types. When accounting for 
pseudo-replication using a GLMM (Gamma, log transformed) with orangutan as the 
random effect, this relationship was no longer significant:  Intercept = 3.82, β(FoodFlowers) = 
0.32 (p = 0.64), β(FoodFruit) = 0.17 (p = 0.40), β(FoodInsects) = 0.11 (p = 0.70), β(FoodLeaves) = 





Figure 5.5. Angle of direction change by food type from the previous bout. This relationship 
was significant (*) in an ANOVA, but not a GLMM with orangutan ID as a random effect. 
 
Discussion 
The movement ecology paradigm provides tools to gain insight into an animal’s 
intentionality as it moves through its environment (Holyoak et al., 2008; Nathan et al., 
2008). Here I used these tools to examine previous assumptions that the foraging of a 
wild frugivore, the Bornean orangutan, is guided by seeking fruit and high-energy foods, 
and to investigate the foraging goals of Bornean orangutans. My results confirm some 
elements of OFT and the energy maximization characterization of orangutans, but also 




results raise additional questions that should be considered with larger datasets and 
different methods of data collection. Overall, I provide an overview of how the 
movement of orangutans correlates to foraging goals, acknowledging the low power to 
find significant results of our tests.  
An OFT-based energy maximizer should stay longer in patches with fruit and/or 
high-energy foods (Charnov, 1976; Emlen, 1966; MacArthur & Pianka, 1966; Searle et 
al., 2005; Stephens & Krebs, 1986). This has been demonstrated in several species, using 
prey and patch models (Werner & Hall, 1974) including in herbivores (Distel et al., 1995; 
Vivas & Saether, 1987), and more specifically primates (Agetsuma, 1998; Plante et al., 
2014). A time minimizer, or an energy maximizer that is attempting to reduce energy 
output, should stay longer in patches to which it has travelled the farthest (Charnov, 
1976), and this has been demonstrated in many taxa, including primates (Distel et al., 
1995; Laca et al., 1993). Yet there is a body of research in which elements of OFT and 
MVT have not been supported in primates (Grether et al., 1992; Johnson et al., 2017; 
Nakagawa, 1990; Nonacs, 2001; Searle et al., 2005). My results support that orangutans 
do stay in bouts to which they have travelled farther, and I found evidence that 
orangutans stayed in pith and insect patches for less time than other food types. In this 
sample, pith largely comes from rotan and bamboo, and these resources are scattered and 
often occur in small patches. Thus, it is possible that the orangutans depleted these 
patches (pith and insect bouts were not included in the analysis of feeding rate decline in 
Chapter 3), and this is the reason for their shorter stays in pith bouts.  Similarly, insects 




while an orangutan digs through the tree to find and consume insect nests. Overall, these 
results are aligned with the time minimizer strategy, but these models do not support of 
an energy maximization strategy, as orangutans did not stay longer in fruit (a more 
energy dense food) patches. I do present feeding evidence of energy maximization in 
Chapter 4. 
Another OFT-based characterization of orangutans is that they travel from fruit to 
fruit, and only consume non-fruit foods that they encounter en route to fruit (Rodman, 
1977). Again, there is evidence of more direct or faster travel to fruit foods in several 
primate taxa (Beisner & Isbell, 2009; Janson, 1998; Plante et al., 2014). This is not what I 
found. My findings suggest that orangutans do navigate to non-fruit foods that are off the 
path from the direct route to the next fruit resource, and that the average distance of 
deviation from the direct fruit to fruit path was 18% the length of that path. Further, this 
finding was not correlated to fruit availability. Though this is not direct evidence, my 
results are consistent with the foraging of a nutrient balancing animal that is moving from 
one complementary food source to the next to consume ratios of nutrients toward a 
balanced intake target ratio.  
Given that my previous research (Chapters 2 and 4) demonstrates more complex 
foraging strategies than fruit and energy maximization, I next investigated whether a 
change in direction was correlated to the food type or NPE:P of the subsequent feeding 
bout – the goal of the directional change. Here I found no significant results — there was 
no relationship between the angle of direction change and the type of food, the genus of 




nutrient state or foraging goals were correlated with a sharper change in travel direction. I 
predicted that orangutans would change travel directions if their current cumulative 
NPE:P intake was disparate from either their day-end NPE:P intake or the population 
NPE:P intake. I found no significant results — I was unable to identify a current nutrient 
state that led to a sharper change in direction. Thus, I was not able to detect a food type 
goal or an internal state that was correlated with directional changes in orangutan 
foraging. I found evidence hinting that the angle of change in direction is sharper in fruit 
and in leaves when compared to insects (though this was not significant when controlling 
for pseudo-replication). In this population, orangutans seemed to encounter dead or 
rotting trees and then search, sometimes unsuccessfully, for termites rather than knowing 
where these resources were. My power in these analyses was low, and thus I suggest that 
differences might be found with a larger dataset. 
Taken together, my results refute some of predictions of orangutans as strict 
energy maximizers. Orangutans do seem to seek out non-fruit foods by travelling directly 
to them rather than only consuming non-fruit foods that occur on the path to the next fruit 
bout. These results are consistent with my previous results suggesting that fruit and 
energy maximization are not the only goals of orangutan foraging. Further, my results 
suggest that orangutans do seek out all food types with the probable exception of insects, 
which seem to be encountered opportunistically. I am unable, however, to explain the 
internal motivations or goals of orangutan foraging decisions — I could not find a 
nutrient state or food type correlated to sharper direction changes in the orangutan 




There are a few potential reasons that could explain why I was not able to find 
internal nutrient state or food type correlations to sharper direction changes – each could 
be remedied with additional research from other sites or potentially different methods at 
this site. First, the GPS signal at Gunung Palung has a good deal of error and noise. This 
prohibited me from using the daily path of the orangutans to determine changes in 
directions, and instead I used the waypoints (which were confirmed by 2 GPS units). It is 
possible that an analysis of the track line (or of a created trackline using the paper 
directional data collected during each follow) would yield different results. Second, it is 
also possible that orangutans are heading for a subsequent feeding resource, but I 
captured an intermediate and opportunistic bout as the previous bout. Third it is possible 
that the orangutans are using landmark based navigation to guide their daily path, and 
that the directional changes occur at landmarks, rather than immediately preceding the 
next feeding bout. I will investigate the potential use of landmark-based navigation in 
future research. Fourth, in a captive setting, this research could be coupled with a 
complete analysis of the available foods in the habitat. Unfortunately, this is not possible 
in the rainforest of Borneo — so I am unable to speak to what the orangutan passed up 
and what they chose to consume as they made directional changes. Finally, the sample 
size of this research is small, yielding low power to detect significant effects.  
Even with the limitations of our ability to detect a signal corresponding to the 
directional changes in orangutans, I feel that my findings are important in recognizing 
that orangutan foraging is guided by more complex goals than energy maximization. This 




on September 10, 2015, I followed a mother (BIB) and young infant (BAY). BIB moved 
from a fruit resource toward a Diospyros tree with ripe red and orange fruit visible in the 
distance. The research team assumed she was headed for the Diospyros. Yet, as she 
approached the Diospyros tree, she stopped to eat the leaves of the epiphyte Hoya from 
the trunk of the Diospyros tree for 19 minutes. She then ate Diospyros for 44 minutes, but 
left this tree with many available fruits. As she travelled from the Diospyros tree, she 
began to kiss-squeak at me and the research assistants. We moved back to increase the 
distance between the observers and the orangutan. BIB then descended to approximately 
6m above the ground, into a small tree, where she ate the leaves of a Xanthophyllum tree 
(Figure 5.6). Thus, it can be surmised that this mother of a very young infant chose to 
consume a non-fruit food while in a fruit resource, next consumed the fruit, and then left 
this fruit resource and took measures to create a safe space for her and her baby to come 
near the ground to consume another non-fruit resource.  
Conservation Implications 
The movement ecology paradigm, with its insight into why an animal makes 
movement choices, lends important information to conservation efforts (Allen & Singh, 
2016; Nathan et al., 2008; Thurfjell et al., 2014). This is especially true when a taxon is 
endangered largely because of habitat destruction, and new conservation and concession 
areas are being selected. My findings suggest that all food types, not just fruit, are 











Figure 5.6 Map of a full-day follow with Bibi, a mother with dependent infant offspring, 
from September 10, 2015. (a). Feeding bouts and nests are denoted (see legend). (b) An 
enlargement of bouts 9 through 12, in which Bibi consumed leaves while in the proximity of 




My data elucidate which habitats orangutans use during periods of low fruit 
availability, which habitats contain foods of the highest energy content, and which habitat 
types are more likely to contain foods that are in the target range of NPE:P. I provide this 
information in hopes that it is useful in selecting plots of land for orangutan conservation 
areas.  
An analysis of the caloric intake of orangutans shows that the top 10% feeding 
bouts resulting in the highest calorie intake (68 bouts, over 38 follow days, and 14 
animals of all age-sex classes; during 1 follow day an animal switched between habitat 
types, but for all others the animal stayed within one habitat type) from this research 
occurred largely on lowland sandstone habitat types, followed by alluvial bench, and 
freshwater swamp (Table 5.3). The vast majority of the highest calorie feeding bouts 
involved fruits, but bark (Whitfordiodenron species), pith (Artocarpus species), and 
leaves (Hoya and Ficus species) were also in the top 10% of high calorie feeding bouts. 
 
Habitats with the Highest Calorie Feeding Bouts 
(High and Low Fruit Availability) 
Number of Bouts  
Lowland Sandstone* 36 
Alluvial Bench* 13 
Freshwater Swamp* 12 
Peat Swamp 1 
Table 5.3. Habitat types in which the top 10% highest calorie bouts took place. * indicates 
that this habitat type was also a source of fruit during periods of low fruit availability. 
 
Since the orangutans in this area experience prolonged and unpredictable periods 




food types that orangutans consume when fruits are scarce. During periods of LFA, 
orangutans consumed fruits and had the highest calorie feeding bouts in lowland 
sandstone, alluvial bench and freshwater swamp habitats. The highest calorie foods eaten 
during LFA were genera such as Artocarpus (fruits in this genus made up the highest 
calorie feeding bouts during LFA), the fruits of Willughbeia, Chaetocarpus, Ficus, and 
Pternandra, the bark of Whitfordiodendron, and the leaves of Hoya, Durio and Knema – 
many of these occur in several habitat types.  
The target NPE:P ratio in this sample is 10.1 : 1. Conservation lands that include 
foods with a similar ratio and habitats that support these foods should better allow 
orangutans to meet their nutritional goals. Table 5.4 lists the habitat types and foods with 
an NPE:P ratio of between 9.1 : 1 and 11.1 : 1, those closest to the orangutan intake 
target. This list suggests that lowland sandstone, alluvial bench, and freshwater swamp 
are habitat types conducive to orangutans meeting their nutrient balance. The orangutans 
in this population did not spend much time in the peat swamp areas of GPNP during this 
study period, thus I cannot speak to the capacity of these peat swamps to support 
orangutan nutrient balance. There is a wealth of data from Tuanan, however, suggesting 
that peat swamp habitats are conducive to orangutan success, including exhibiting higher 
population density than at GPNP (Vogel et al., 2017a; Vogel et al., 2015; Wich et al., 
2008) and genetic evidence suggests that the highest effective population sizes have come 
from peat swamp habitats in Sumatran populations (Nater et al., 2013a). 
Taken together, my data suggest that good conservation habitats for orangutans 




Further, plants that occur in these habitats such as Artocarpus, Chaetocarpus, Durio 
(even small trees as these are consumed for leaves), Ficus, Hoya, Whitfordiodendron, 
Willughbeia, and various epiphytes and liana (especially liana 2562, photographs of this 
liana are provided in Appendix A) should be present as these plants provide energy and 












Fruit (flesh, seeds) 
 
10.6 : 1 
 Elaeocarpus Fruit (flesh) 10.5 : 1 
 Ficus Fruit (flesh and skin) 9.3 : 1 
 Gironniera Leaves (new) 9.9 : 1 
 Lansium Fruit (flesh) 10.6 : 1 
 Liana #2562 Leaves (new) 9.9 : 1 
 Melanochylla Leaves (petiole, mature leaves) 11.0 : 1 








10.2 : 1 
 Dracontomelon Fruit (flesh) 10.6 : 1 
 Garcinia Leaves (new) 10.5 : 1 
 Gironniera Leaves (new) 9.9 : 1 
 Liana #2562 Leaves (new) 9.9 : 1 








10.2 : 1 
 Chaetocarpus Fruit (flesh, seeds) 10.6 : 1 
 Parkia Fruit (seeds) 10.1 : 1 
 Garcinia Leaves (new) 10.5 : 1 
 Gironniera Leaves (new) 9.9 : 1 
 Liana #2562 Leaves (new) 9.9 : 1 








10.8 : 1 
 Baccaurea Fruit (seeds) 10.2 : 1 
 Chaetocarpus Fruit (flesh, seeds) 10.6 : 1 
 Polyalthia Fruit (seeds) 9.3 : 1 
 Uvaria Fruit (seeds) 10.4 : 1 
 Willughbeia (sp 2141) Fruit (flesh) 10.6 : 1 
 Garcinia Leaves (new) 10.5 : 1 
 Gironniera Leaves (new) 9.9 : 1 
 Liana #2562 Leaves (new) 9.9 : 1 
 Knema Leaves (mature leaves) 10.3 : 1 
 Phytocrene Leaves (new) 9.8 : 1 
Table 5.4 Habitat types and foods with NPE:P ratios between 9.1 : 1 and 11.1 : 1, and thus 
closest to the orangutan intake target. * indicates that this habitat type was also a source of 





CHAPTER SIX. CONCLUSION 
Overview 
 The foraging choices of animals have been the topic of decades of research, with 
new theory and methodology guiding novel questions. Optimal Foraging Theory, the 
Geometric Framework for Nutrition, movement ecology and cognitive foraging 
paradigms all provide models and heuristics that aid in understanding what drives the 
foraging decisions of animals, including humans. Yet until recently, most exploration of 
the foraging decisions of frugivorous herbivores has focused on obtaining fruit and 
maximizing energy. Here I examined alternative nutrient priorities in a frugivorous 
primate, the Bornean orangutan (Pongo pygmaeus wurmbii), to determine whether fruit-
seeking and energy maximizing is a sufficient explanation of foraging behavior. I 
examined whether the methodologies of the Geometric Framework for Nutrition can 
provide a more nuanced model of orangutan foraging, and/or whether Optimal Foraging 
Theory and the Marginal Value Theorem are sufficient to describe orangutan foraging. I 
then used the methodologies of movement ecology to elucidate the goals of orangutan 
foraging. Our findings suggest that a more nuanced view of the foraging goals of a 
frugivorous primate will allow for a more accurate understanding of, and ability to 
predict, the feeding choices of orangutans – a finding that is generalizable to other 
frugivorous animals, and that has implications for conservation and captive feeding. I 
also discuss the implications of this new understanding of orangutan foraging in the 





The adaptations and behaviors that allow organisms to find and capture food are 
critical to reproductive and evolutionary success. Foraging adaptations drive the various 
morphological adaptations we see in the primate clade foods (Altmann, 2006; Cartmill, 
1972; Dominy et al., 2006; Lambert, 1998; Lambert, 2011; McGraw & Daegling, 2012; 
Taylor, 2009; Vogel et al., 2008). The ability to find food and the availability of food 
impacts reproduction (Altmann, 1980; Altmann, 1983; Altmann et al., 1978; Cheney et 
al., 1986; Dunbar & Dunbar, 1988; Emery Thompson, 2005; Emery Thompson & 
Wrangham, 2008; Gaulin & Konner, 1977; Knott, 2001; Lee, 1987; Lindburg, 1987; 
Sadleier, 1969; Strum & Western, 1982; van Schaik & van Noordwijk, 1985; Whitten, 
1982), the evolution of cognitive capabilities (Cunningham & Janson, 2013; Janson, 
1998; Janson & Byrne, 2007; Luhrs et al., 2009; Milton, 1981; Porter & Garber, 2013), 
social organization and group dynamics (Chapman et al., 1995; Emery Thompson et al., 
2010; Hawkes et al., 1997; Knott et al., 2008; Sterck et al., 1997; Sugardjito et al., 1987; 
van Schaik, 1996; Wich et al., 2006a), and use of habitat (Beisner & Isbell, 2009; Bryne 
& Noser, 2009; Campbell-Smith et al., 2011; Clutton-Brock & Harvey, 1977; Di Fiore & 
Suarez, 2007; DiFiore, 2003; Doran-Sheehy et al., 2004; Erinjery et al., 2015; 
Hemingway & Bynum, 2005; Robbins & Hohmann, 2006). In biological anthropology, 
the study of extant primates provides an analogy to how human ancestors might have 
survived. Yet to date, most of our study of primate foraging has centered around how to 
find enough food, and specifically enough energy. Recent work in the nutritional ecology 




behavior (Felton et al., 2009a; Felton et al., 2009b; Irwin et al., 2015; Johnson et al., 
2017; Johnson et al., 2013; Raubenheimer & Simpson, 2018; Rothman et al., 2011; 
Rothman et al., 2013; Simpson & Raubenheimer, 2012; Vogel et al., 2017b; Vogel et al., 
2014a). The focus of this dissertation is to build upon past findings that wild Bornean 
orangutans at Gunung Palung prefer fruit and utilize an energy maximization strategy 
(Knott, 1998; Knott, 1999, 2005; Leighton, 1993) and to investigate the importance of 
other potential nutrient drivers in this taxa using the tools of the Geometric Framework 
for Nutrition and Movement Ecology. These data will add to an expanding body of 
literature investigating the more nuanced nutrient goals of both wild orangutans and non-
human primates as a clade. 
Optimal Foraging Theory (OFT) has been the longest-lived and arguably the most 
useful paradigm with which to explain an organism’s feeding behavior. Rooted, as was 
the theory of evolution by natural selection, in economic theory, OFT suggests that 
organisms attempt to maximize (or minimize) one component (currency) of their diet. In 
most organisms, this component is energy – maximizing energy intake over time is the 
most common formula for foraging success under the OFT paradigm (Stephens & Krebs, 
1986). This is especially true for frugivorous animals. In the primate order, most research 
has examined the energy goals of wild primates in an OFT framework. Within the 
primate diet, fruit is often the most energy dense food type, and is also often the most 
ephemeral (Conklin-Brittain et al., 2006; Knott, 1998; Milton, 1999; Vogel et al., 2015). 
Thus fruit has been viewed as a “quality” food type, and periods of high-fruit availability 




Conklin-Brittain et al., 1998; Cunningham & Janson, 2013; Domingo-Roura & 
Yamagiwa, 1999; Felton et al., 2003; Harrison et al., 2010; Irwin et al., 2015; Janmaat et 
al., 2013; Janmaat et al., 2006; Janmaat et al., 2012; Knott, 1998; Leighton, 1993; 
Marshall et al., 2014; Merrill & Watt, 1973; Mitani, 1989; Rothman et al., 2011; Tujague 
& Janson, 2017b; van Schaik & Knott, 2001; van Schaik & Pfannes, 2005; Vogel et al., 
2017a; Vogel et al., 2015; Wich et al., 2006a; Wich et al., 2006b; Wrangham et al., 1998; 
Yamagiwa & Basabose, 2006). Bornean orangutans provide an excellent example of this.  
The forests of Borneo are less productive than many other rainforests, and are less 
productive than those of the neighboring island of Sumatra (Knott, 2005; Marshall et al., 
2009a; Wich et al., 2011). In addition, many Bornean forests experience long and 
unpredictable periods of low fruit availability, likely linked to the El Niño Southern 
Oscillation cycles (Appanah, 1981; Ashton et al., 1988; Knott, 1998; Medway, 1972; Van 
Schaik, 1986). Thus, Bornean orangutans in masting forests experience low fruit 
availability throughout most of the year, with sporadic spikes wherein most of the 
dipterocarp stems fruit. Bornean orangutans in non-masting forests likely experience 
even more impoverished conditions, as these sites are also characterized by low fruit 
production but with more mild spikes of fruit availability (van Schaik & Pfannes, 2005; 
Vogel et al., 2015; Wich et al., 2011). Several features of Bornean orangutan life history 
seem to be related to the poverty of fruit, including an ability to store fat by increasing 
caloric intake during high-fruit periods (Knott, 1998; Knott, 1999), and the more solitary 
social system of Bornean orangutans as compared to Sumatran orangutans [though 




al., 2009)]. There also seems to be quite a bit of phenotypic plasticity in response to low 
fruit availability, as the contrast in orangutan energy intake and behavioral responses 
during high and low fruit availability between Tuanan and Sabangau (Vogel et al., 2015) 
and GPNP (Knott 1998) suggest (see Chapters 1 and 4 for a more nuanced review). 
Bornean orangutan foraging, and their hypothesized propensity to store fat, has 
been characterized within the OFT paradigm as energy maximizing with a specialization 
on fruit as a high-energy food. While this characterization holds true — the majority of 
orangutan diet is comprised of fruit, and orangutan fruit intake increases with increasing 
fruit availability at this and some other sites (Knott, 1998; Knott, 1999; Morrogh-Bernard 
et al., 2009; Vogel et al., 2017a) — energy maximization may not be the only goal of 
orangutan foraging. Very strict energy maximization alone cannot explain why 
orangutans leave high-energy fruit available on trees to consume lower-energy foods, 
though I witnessed this in my pilot study and most days during my dissertation. Thus, a 
more complete understanding of the foraging goals of orangutans beyond energy 
maximization is necessary. The methodology of the Geometric Framework for Nutrition 
could provide this nuance.  
The Geometric Framework for Nutrition (GF) assumes that animals should 
balance nutrients. There are many ways in which this can occur. Many organisms 
maintain a ratio of nutrient components [for example, carbohydrate to protein, or non-
protein energy to protein (Simpson & Raubenheimer, 2012)]. Additionally, organisms 
tend to have one nutrient that they attempt to keep within a tight range (prioritization) 




compromise, (Felton et al., 2009b; Irwin et al., 2015; Rothman et al., 2011; Simpson & 
Raubenheimer, 1995, 2012)]. For instance, some organisms prioritize protein, and 
consume foods not to maximize or minimize protein intake, but instead to keep protein 
within a target range. During times of high protein, these animals might eat less, but 
during times of higher non-protein energy, these animals would consume more to achieve 
this target protein level. Humans and some other species prioritize to an extreme level, 
wherein energy intake is dictated by achieving the target intake of the prioritized nutrient 
(Felton et al., 2009b; Gosby et al., 2011; Simpson et al., 2003; Simpson & 
Raubenheimer, 2012). This is called leveraging, and in humans and possibly spider 
monkeys (a frugivorous primate) protein is the leveraged nutrient (Felton et al., 2009b; 
Gosby et al., 2011; Simpson et al., 2003; Simpson & Raubenheimer, 2012). Overall, GF 
calls for looking beyond the maximization or minimization of one nutrient or energy to 
see if there are other goals of foraging (Raubenheimer & Simpson, 2018; Simpson & 
Raubenheimer, 2012). 
Here I have analyzed the foraging choices, behaviors, and movement ecology of 
wild Bornean orangutans to investigate whether an OFT model of foraging is sufficient to 
characterize the feeding goals of orangutans, and/or whether GF provides insight into 
why orangutans make the foraging decisions they do. What are these foraging choices? 
As I embarked on the pilot study for this research, my expectations were that orangutans 
would eat fruit when fruit was to be had, deplete a fruit resource, and then move toward 
another fruit resource. I expected, based on orangutan foraging literature, that orangutans 




while moving to the next fruit resource (Rodman, 1977). This is not what I saw. During 
my pilot research, I watched an orangutan eat fruit, then leave a large crop of similarly 
ripe fruit on the tree, and move to pith, then return to the same fruit tree. In order to 
switch from fruit, a higher energy resource, to pith, a lower energy food source, the 
animal had to expend energy and time travelling. This was not in line with the 
expectations of OFT energy maximization strategy, and the orangutan was not following 
a straight path from fruit to fruit and only consuming non-fruit it happened upon in travel 
— this ape was leaving fruit and travelling specifically to pith, then returning to the same 
fruit. I was interested in knowing why. Why would an energy maximizer leave a high-
energy food source, expend energy and time travelling, and then consume a lower energy 
food source? What was in the pith that the orangutan left fruit to consume? Could the 
methodologies and expectations of GF explain these choices? These questions guided this 
dissertation research.  
 
Wild Bornean Orangutans — Famished Frugivores or Choosy Consumers 
A major goal of this research was to examine whether the current OFT-based 
understanding of orangutan foraging is sufficient, or whether a more nuanced view that 
includes findings from the methodologies of GF better characterizes orangutan foraging 
decisions. In other words, are orangutans solely energy maximizing, or are there other 
nutrient goals driving orangutan foraging? Before I could consider whether GF provides a 
heuristic approach to orangutan foraging, I had to identify a pattern of non-fruit selection 




characterized as frugivorous primates, and indeed the majority of their diet at this site, 
and at most sites, is comprised of fruit (Knott, 1998; Knott, 1999; Leighton, 1993; 
Morrogh-Bernard et al., 2009). Yet they do consume other types of food, including bark, 
leaves, insects, flowers, and pith. I expect that the findings of this research will be 
generalizable to other frugivorous primates who consume non-fruit food as part of their 
diet.  
To demonstrate that orangutans are selecting non-fruit foods, one must attempt to 
uncover intentionality in feeding. How do we know that orangutans are choosing one 
food over another? To answer this question, I investigated: (1) Do orangutans leave fruit 
resources while there is still an available fruit crop? (2) If orangutans leave available fruit 
crops, do they leave them and then consume non-fruit foods? (3) Do orangutans consume 
non-fruit foods when in the proximity of available fruit resources?  
To answer these questions, I examined the feeding transitions (from which food 
type to which food type) and geospatial data to assess whether orangutans were only 
consuming non-fruit foods after depleting a fruit resource or when there were no 
proximal fruit resources. I hypothesized that, consistent with a nutrient balancing 
approach, orangutans would leave available fruit to consume non-fruit foods, that 
orangutans would consume non-fruit foods after leaving an available fruit crop, and that 
orangutans would consume non-fruit foods when in the proximity of available fruit foods.  
The results of this research suggest that the foraging decisions of orangutans are 
guided by more than fruit seeking and selection. When orangutans consumed fruit, 86% 




tree. When orangutans left fruit and next consumed a non-fruit resource, 84% of the time 
they left an available fruit to do so. In these subsequent non-fruit bouts, the most 
commonly consumed food was the leaves of the Durio genus. These leaves are one of the 
highest protein resources in the orangutan diet except for insects. Finally, when 
orangutans ate non-fruit foods, 25% of the time there were fruit resources in visual 
proximity – in particular, when orangutans ate leaves, more than 50% of the time, there 
was available fruit in visual proximity, suggesting that leaves are an important resource.  
Overall, these data demonstrate that orangutans do not always deplete fruit 
resources, and instead often leave available fruit resources for non-fruit foods. These 
foods tend to be high in protein, but orangutans leave fruit for a great variety of non-fruit 
foods with variable nutrient content. Further, orangutans do choose to consume non-fruit 
food when there are available fruit resources visible. Taken together, these findings 
suggest that orangutans are making more complex feeding choices than simply 
maximizing energy.  
While the results presented here clear the path for the use of GF methodologies, 
they still leave us with the question of why orangutans so frequently left available fruit on 
trees prior to consuming fruit or non-fruit resources. In previous research on several taxa 
(Distel et al., 1995; Krebs et al., 1974; Laca et al., 1993; MacArthur & Pianka, 1966; 
Nakagawa, 1990; Searle et al., 2005; Tombak et al., 2012; Venkataraman et al., 2017; 
Wajnberg et al., 2000), animals were commonly recorded leaving available fruit 
resources – prompting the development of a supplement to OFT, the Marginal Value 




step in my research was to determine if MVT could explain why orangutans would leave 
available fruit resources.  
 
Wild Bornean Orangutan Feeding Rates and the Marginal Value Theorem 
The Marginal Value Theorem (MVT) is a critical supplement to OFT, as it 
attempts to explain patch departure when a food crop still remains (Charnov, 1976). For 
example, if an animal is an energy-maximizer within an OFT model, their foraging goal 
should be to maximize energy over time (Stephens & Krebs, 1986). Thus, if an animal is 
in a high-energy resource, it should not leave that resource until it depletes all available 
food — because travelling is both an energetic expenditure and time consuming. Yet 
many species do leave available food resources before depleting the patch, including 
orangutans, which I demonstrated leave available fruit to consume other, and even non-
fruit, foods. MVT provided an explanation and model for this behavior.  
Thus, the next step in my research was to ask whether MVT can explain why 
orangutans would leave available fruit in a tree? MVT predicts that, in a habitat where 
food is patchily distributed, an animal will leave a patch when the intake rate in that patch 
decreases below that of the average intake rate of the habitat (Charnov, 1976). Critical to 
MVT is the assumption that feeding rate in a patch decreases — as the animal depletes 
the patch, it takes longer to find/capture and consume each food item, and this slows the 
intake rate (Charnov, 1976). Therefore, for MVT to be a plausible explanation for an 
orangutan leaving available fruit, one would have to see that the feeding rate within the 




feeding rate in each third of a sample of feeding bouts, and for the first and last rate in a 
sample of feeding bouts, to see if the rate decreased.  
I found that the feeding rates in this population of orangutans do not decrease over 
time in a bout, and in fact there was a non-significant trend toward increasing feeding 
rates as patch residence increased. Using a Linear Mixed Effect Model holding orangutan 
ID constant, I next looked to see if feeding rates decreased in one or the other sex, in 
high, medium or low fruit availability, whether or not there was another adult orangutan 
in proximity, and when eating certain plant parts. Feeding rates did not decrease in any of 
these subsets of data, but instead high and medium fruit availability periods were 
associated with the feeding rate increasing over time in the bout (rather than decreasing). 
Strict following of the feeding rate protocol (meaning feeding rates were taken in more 
regular intervals and consistently throughout the feeding bout) was also associated with 
an increase in feeding rate during the bout. Thus, since feeding rates are not decreasing 
when these orangutans are in a bout (or before they leave a bout), I cannot apply MVT as 
a reason why the orangutan would leave a bout with available fruit. In many cases there 
were well over 5000-10,000 fruits of the same ripeness stage left in the tree, making this 
resource unlikely to be depleted by one animal in one day.  
This still leaves the question of why an orangutan, if their only goal in foraging is 
to maximize energy intake, would leave an available fruit resource for non-fruit food. I 
next turned to the methodologies of GF to investigate whether there are other nutrient 




Nutrient Balancing, Protein Prioritization, and Energy Maximization in Wild 
Bornean Orangutans 
Orangutan foraging goals have been characterized as energy maximizing, and 
specifically fruit seeking. Yet my observations and data suggest that there is a more 
complex system of goals driving orangutan foraging behavior. I applied the 
methodologies of the Geometric Framework for Nutrition to elucidate other nutrient 
goals.  
Using the nutritional data from 51 full-day follows, I found that orangutans do 
have multiple foraging goals that are consistent with the goals of the few other 
frugivorous primates that have been studied in this manner (Alavi, 2018; Felton et al., 
2009b; Vogel et al., 2017a; Vogel et al., 2017b; Vogel et al., 2014a). The orangutans in 
this population did increase kcal intake with higher fruit availability, suggesting energy 
maximization. This population also maintained a dietary non-protein energy to protein 
(NPE:P) ratio of 10:1. NPE:P was not significantly correlated to fruit availability, and the 
effect size of fruit availability was very low. This NPE:P was consistent between the 
sexes. The relationship between age-sex class and NPE:P was less clear. When testing 
these two variables alone (using orangutan as a random effect), flanged males consumed 
lower NPE:P. However, when fruit availability z-score was added as a fixed effect in this 
model, there were no differences between age-sex classes. I suspect that with a larger 
sample size, age-sex class and fruit availability would be significant predictors of NPE:P.  
The NPE:P ratio that these orangutans maintained was different from the average 




of merely consuming food randomly or consuming a primarily fruit diet. These findings 
suggest that these orangutans selectively consumed food types and proportions that 
allowed them to achieve a balance of non-protein and protein intake.  
Further, these apes kept protein intake within a much tighter range than the intake 
of other macronutrients (protein prioritization). Protein intake did not vary by fruit 
availability, sex, or between animals. I did not find evidence of protein leveraging – a 
specific form of protein prioritization where the intake range of protein is defended so 
tightly that the overall caloric intake is dictated by protein intake, but this should be 
further investigated with larger sample sizes and captive animals.  
The findings that orangutans maintain an NPE:P ratio potentially explains why an 
orangutan would leave a fruit resource for a non-fruit food, or would consume non-fruit 
foods when fruit foods were available and in proximity. Further, these findings clarify the 
relationship between human and orangutan foraging goals and the appropriateness of 
orangutans as a model for inquiries around the evolution of the human diet. These 
findings also have important conservation implications. This will be discussed in detail 
below.  
The Movement Ecology of Wild Bornean Orangutan Foraging Choices 
This dissertation elucidates that energy, and specifically high-energy fruit, is not 
the only goal of orangutan foraging. Yet most characterizations of orangutan ranging 
behavior have been centered around fruit availability and fruit as the goal of foraging. 
Specifically, orangutans are said to only consume non-fruit resources that they happen 




some merit to this line of thought, given that fruit is an ephemeral resource, whereas 
leaves and bark are more readily available. Yet the leaves that this population of 
orangutans consumed were primarily young leaves, and the flushing of young leaves 
occurs infrequently and in response to ecological factors (Clark & Clark, 1988; Elliott et 
al., 2006; Murali & Sukumar, 1992). Leaves are a primary source of protein for 
orangutans, thus it would make sense that in order to achieve the nutrient balance and 
protein intake targets, orangutans would need to also navigate to leaf sources. The same 
could be true of specific types of bark that are particularly rich in certain necessary 
nutrients, or for flowers, which are also temporally limited. In our research, pith from 
bamboo and rotan occurred in reliable patches, so it is possible that orangutans could 
navigate to these resources as well. Insects, however, did not seem to be reliably located 
in space or time – orangutans would happen upon a tree, and begin searching for insects, 
but were not always successful. Thus, I expect that orangutans will not only navigate 
toward fruit, and instead will make navigational choices toward other reliably located 
foods to meet their nutrient needs.  
Demonstrating navigational choices requires inferring intentionality. While it is 
impossible to ask an orangutan if they are seeking a certain type of food, and how they 
know which types of food to eat, the movement ecology paradigm provides a foundation 
for deciphering organismal navigation. Specifically, the movement ecology paradigm 
provides tools to infer decision-making and goal-directed behavior by asking why move 
(what is the internal state of the organism prompting movement), how to move (what are 




navigational capacities of the organism), and what external factors effect movement 
(Nathan, 2008; Nathan et al., 2008)?  
I used the tools of movement ecology to better understand the goals of orangutan 
foraging movement. My findings suggest that orangutans stay in patches longer to which 
they have travelled farther. There is no relationship between time in patch and food type, 
even when controlling for fruit availability. In this case, OFT is supported as OFT 
predicts that foragers will stay in patches to which they’ve travelled farther.  
I next tested the assumption that fruit resources are the goal of orangutan 
foraging, and that orangutans only consume non-fruit resources that they happen upon 
while travelling to the next fruit resource. I found that orangutans do deviate from the 
path between two fruit resources to consume non-fruit food, suggesting that non-fruit 
foods are also a goal of orangutan foraging. This would be necessary in order to maintain 
a non-protein energy to protein balance, unless an orangutan happened upon a fruit that 
contained the proper balance, and other micronutrients (micronutrients were not 
examined in this research, but do present an interesting future line of inquiry.) It must be 
noted, however, that these analyses do not control for the nutritional landscape, and thus 
an orangutan could be visiting a fruiting tree to assess its phenophase, and this could be 
the cause of the deviation. Further, our power in these analyses is very low due to a small 
sample size. We suggest, though, that based on several instances where orangutans 
consume non-fruit foods after either leaving fruit foods (and occasionally later returning 
to those fruit foods), or when close to fruit foods, that orangutans are travelling to non-





The major goal of this research was to provide a more nuanced understanding of 
orangutan nutrient drivers and foraging goals. This research was inspired by watching 
wild Bornean orangutans, a frugivorous taxon that is said to eat fruit when fruit is 
available as part of an energy maximizing strategy, leave fruit to eat non-fruit foods. 
Several theoretical questions and topics arose both from the initial goal of the research 
and from my findings.  
A Framework for Orangutan Foraging 
One of the questions I intended to tackle with this research was and, does OFT or 
GF, or a combination of both, provide a better model for orangutan foraging? An initial 
question that requires an answer before tackling this is whether an animal can 
simultaneously maximize energy and balance nutrients? Mathematically, this is possible, 
even in a strict sense – if one views the GF intake ratio as a line in a nutrient space plot, 
then energy maximization would occur when animals consumed foods at the higher and 
farther right regions of the line, when this was possible. During this research year, in 
periods of high and low fruit availability, orangutans left available fruit to consume non-
fruit foods. Thus, orangutans exhibited a more complex strategy than merely maximizing 
energy intake, and I suggest that a combination of OFT and nutrient balancing.  
A more comprehensive overview of OFT research is presented in the introduction 
(Chapter 1). Here I will highlight a more nuanced OFT model, such as the one used by 
Altmann (1998) in his seminal research on yearling baboons included some nutrient 




of the first studies to demonstrate optimality in an energy maximization model, the data 
collection and analysis was very cumbersome and has not been replicated to my 
knowledge. More recently, Sayers et al. (2010) found some support for OFT (in both 
energy maximization and protein maximization models) in Himalayan langurs. This 
study hints at the possibility that more than one nutrient could be maximized or 
minimized. Still, a body of controlled GF research has demonstrated that models 
including only one goal of foraging, and not a nutrient balance, do not capture the 
complexities of needs and outcomes (Dussutour et al., 2010; Maklakov et al., 2008; 
Simpson & Raubenheimer, 2012), and wild primate research in a similar vein is 
forthcoming. Most linear OFT models incorporate constraints as required minima or 
maxima for non-currency nutrients. For example, if a model includes that an animal 
requires a minimum of 50g of protein in a day, that static target would be a constraint. GF 
takes a different view, that some of these nutrients that would be considered constraints 
in an OFT model are required in amounts relative to the intake of other nutrients. This is 
a far more flexible model that can account for many different needs and nutrient 
interactions. Thus, I believe that while OFT is useful in characterizing some parts of 
feeding choices, GF provides flexibility and nuance that fills in the gaps left by GF.  
A Fruit By Any Other Name 
In several parts of this research, I have followed a convention of grouping food 
into categories for comparison (bark, flowers, fruit, insects, leaves, and pith). When 
relevant, I also tested for macronutrients, energy, and nutrient balance outside of these 




as a whole — for example, there is a wide range of energy and nutrient density in 
different taxa and parts of the category “fruit”. As a group, fruits often have the highest 
energy per gram (Conklin-Brittain et al., 2006; Knott, 1998; Milton, 1999; Vogel et al., 
2015), but this is not always the case, and grouping food types by category may not 
provide a reflection of the nutrient content of these foods (Rothman et al., 2007).  These 
categorizations are likely less useful in nutritional geometry (GF) research, where the 
balances of nutrients are seen as goals of foraging. This view of foraging is a cumulative, 
or state dependent view, where the foods consumed previously dictate what a “quality” 
next choice would be. Foods do not have inherent “quality”, and instead their importance 
to the diet varies temporally and situationally, and by phenotypic stage (Lambert & 
Rothman, 2015).  
The foods consumed in this research period varied greatly in overall energy per 
gram, and as expected, fruit was often a high-energy resource. Yet when I asked whether 
there is a significant difference between food types in NPE:P balance, I found that the 
categorization of food type is not useful (F = 0.335, p = 0.891; Figure 6.1). Thus, I 
suggest that categorization of food types, or even as fruit and non-fruit foods, is not as 
useful in nutritional ecology research, and especially in studies of nutrient balancing, as is 








Figure 6.1 (a) Ratio of non-protein energy to protein by food type with outliers in fruit 
category (Outliers Sindora seeds NPE:P = 258:1, Syzygium flesh and skin NPE:P = 523:1) . 





One purpose of studying non-human primates within biological anthropology is to 
glean what information we can from extant related taxa that might help us to understand 
the evolution of humans. Orangutan research has been invoked in understanding the 
evolution of the human diet, what our ancestors ate, because orangutans share ecological 
and dental similarities with ancestral hominins. My research elucidates the nutrient goals 
of extant orangutans to allow investigation of whether these goals are similar to those of 
modern humans, and begin inquiry into whether these goals might have been similar to 
those of extinct hominins.  
Orangutans share a last common ancestor with humans at a minimum of 10.5 
million years ago [single-nucleotide polymorphism data (Prado-Martinez et al., 2013)], 
11.2 million years ago [Bayesian molecular clock dating of fossils (Barba-Montoya et al., 
2017) to approximately 15 million years ago [morphological and Bayesian molecular 
clock dating, respectively (Harrison, 2010; Prado-Martinez et al., 2013)], and thus are our 
closest extant relative surviving outside of African rainforests. In contrast to the 
seasonally predictable African rainforests, Bornean rainforests are dominated by periods 
of severe food scarcity (Barks et al., 2015; Harrison et al., 2010; van Schaik & Pfannes, 
2005; Vogel et al., 2017a; Vogel et al., 2015) and, in the case of GPNP, supra-annual 
masting events involving synchronous fruiting of many trees (Appanah, 1981; Knott, 
1998; Medway, 1972; Van Schaik, 1986). It is likely that climate change and dramatic 
seasonal fluctuations in food availability were drivers in hominin evolution as human 




1925; Grine, 1986; Jolly, 1970; Knott, 2005; Potts, 1996a, 1996b; Vrba, 1988). Research 
examining the diets of orangutans suggests interesting phenomena, including adaptive 
food selection for fat storage (Bellisari, 2008; Knott, 1998; Leighton, 1993; Wheatley, 
1987) similar to that of humans. In addition, captive orangutans demonstrate metabolic 
responses (elevated fasted glucose, relatively low fasted insulin, and attenuated or 
delayed acute insulin responses) similar to humans and reflecting a susceptibility to 
metabolic disorders and Type 2 Diabetes (Gresl et al., 2000).  
Orangutans also share many dental similarities with the Australopithecine clade of 
extinct hominins, as discussed in the introduction (Chapter 1). For example, thick enamel 
is a trait that continues from the Australopithecines into the Homo lineage, including 
modern humans, and a trait that is not exhibited in chimps and gorillas (Kay, 1985; Vogel 
et al., 2008). Orangutan foods (particularly the nuts within the category “fruit” in this and 
most research) are especially tough (or resistant to fracture), and it is assumed that the 
thick enamel and large cheek teeth of orangutans are an adaptation to eating hard foods 
(Kay, 1985; Knott, 2005; Vogel et al., 2008; Vogel et al., 2014b; Vrba, 1988). For 
instance, orangutans consumed seeds with a toughness of 4000 J m-2 (Ketambe, P. abelii) 
to more than 5500 (Tuanan, P. pygmaeus wurmbii), tougher than the seeds consumed by 
chimpanzees (Vogel et al., 2008; Vogel et al., 2014b). It is important to be cautious when 
interpreting these similarities, though. Shared dental features suggest that orangutans and 
Australopithecines were eating foods with similar properties, but not necessarily the same 
foods. Orangutans are arboreal rainforest-dwelling apes, whereas the Australopithecines 




analogous structures suggest that the Australopithecines were eating foods as tough as 
those of orangutans – for the Australopithecines, this could include underground storage 
organs such as corms and tubers, consumed as fallback foods (Conklin-Brittain et al., 
2002; Dominy et al., 2008; Kay, 1985; Knott, 2005; Teaford, 2007a). Dominy et al. 
(2008), provides a measurement of the mechanical properties of underground storage 
organs (USOs) that were likely a major part of Australopithecine diets. To continue our 
example, the toughest class of USO was the rhizomes (mean R = 5448) and these seem 
within the masticatory capabilities of orangutans (Dominy et al. 2008).  
While my data do not examine the mechanical properties of foods and the 
masticatory apparatus of orangutans, my research adds data on the nutrient goals of 
orangutans, so that we can compare these to extant humans and consider what the 
nutrient goals of extinct hominins might have been. My findings suggest that, like extant 
humans, orangutans do maintain a balance of NPE:P, and that both species prioritize 
protein. Thus, the overall tone and direction of the nutrient goals of both species are the 
same. Orangutans, however, maintain a higher NPE:P ratio and lower protein intake than 
do humans. While approximately 10% of the orangutan diet is protein, humans consume 
between 12–17% of their calories as protein. In this study, the orangutans consumed 
between 90-174 kcals of protein (1st to 3rd quartile) daily, whereas humans consume 
between 270–400kcals of protein daily (Austin et al., 2011; Simpson et al., 2003; 
Simpson & Raubenheimer, 2005, 2012). Further my research provides no evidence of 
protein leveraging in orangutans, though captive studies would be useful in uncovering 




and orangutans are the same, the nuances and specific quantities of nutrient goals are 
different. Modern humans consume more protein than do orangutans, relatively and as a 
percentage of their caloric intake.  
As noted above, orangutans have been invoked as an analogy for the 
Australopithecines. The Australopithecines were smaller apes (ranging between 23–49kg, 
across 4 species with females being smaller than males) than are modern humans (or 
orangutans), and they had smaller brains [400–500cc estimated for Australopithecines, 
compared to 1,400ccs for modern humans (Aiello & Key, 2002; Aiello & Wells, 2002; 
Aiello & Wheeler, 1995)]. It is possible that this difference in brain size could account 
for some of the difference in protein intake, as clearly the cells of the brain require 
protein for growth and maintenance, as do all cells. But most literature examining the 
nutrient requirements for the increased size of the human (and Homo) brain focus on 
energy – the brain is an energetically expensive tissue (Aiello & Wheeler, 1995). Possible 
solutions for how humans are able to manage such an energetically expensive brain range 
from reduction in gut size (Aiello & Wheeler, 1995) to the introduction of more calorific 
and digestible foods via cooking (Wrangham, 2017), to changes in metabolism (Pontzer 
et al., 2016). Whether Australopithecines would have required a lower protein intake and 
non-protein energy to protein balance, more similar to that of orangutans, is a question 
for future investigation that will better clarify the utility of orangutans as a model for 





It is important to me that the data presented in this research have applicability 
toward the conservation of orangutans, and of primates and wildlife in general. Upon 
landing on Borneo, I began receiving emails asking what types of fruits should be present 
when selecting a conservation or reintroduction site for orangutans. My pilot research, 
and now the research presented here led me to the conclusion that fruits are not the only 
important resource for orangutans, and that our conceptualization of fruits being the only 
goal of orangutan foraging could be a problem for captive and rehabilitant orangutans. 
My research clearly shows that, while orangutans do maximize energy, they also seek out 
non-fruit foods, often foods that are high in protein, including leaves. That is not to say 
that we should only focus on energy and protein in orangutan diets, there were certainly 
instances in my data collection where macronutrient balance could not explain the food 
choice of the orangutan. Thus, I encourage additional research into even more nuanced 
goals of orangutan foraging, and when possible given the permitting processes of 
Indonesia, including the micronutrient goals of orangutan foraging.  
What can be taken from my research is that orangutans consume a 10.1:1 ratio of 
non-protein to protein, and that this is not a consequence of the ratio of the foods 
available to them. Thus, I suggest that orangutan conservation and captive programs 
focus on foods and habitat types that allow this balance. At Gunung Palung, the habitat 
types in which the highest energy bouts occurred were lowland sandstone habitat, 
followed by alluvial bench, and freshwater swamp. These habitat types were also where 




availability, and where many foods with NPE:P ratios of close to 10.1:1 were found. It 
should not be forgotten, however, that peat swamp forests such as Tuanan are home to 
dense and successful populations of orangutans, and thus peat swamp forest is also likely 
a good habitat type. Some orangutan foods that are close to this ratio include: the fruits of 
Ziziphus (flesh), Dracontomelon (flesh), Lansium (flesh), Chaetocarpus (flesh and 
seeds), Willughbeia (flesh), Uvaria (seeds), Baccaurea (seeds), Parkia (seeds), and some 
Ficus species (flesh and seeds); the leaves of Melanochylla (new leaves, petiole only), 
Garcinia (new leaves), Knema (old leaves), Gironniera (new leaves), unnamed liana 
#2562 (new leaves, picture in Appendix 1), and Phytocrene (new leaves); and the bark of 
Xanthophyllum. Other foods can be used in complement to achieve this balance. A guide 
to assessing and selecting conservation sites using this approach is included in Table 6.1. 
I hope that this is helpful in future conservation efforts.  
Step Description 
Stage: Site Selection 
Habitat Type and GPS 
Measurement 
Determine habitat type and collect any GPS data (perimeter, 
water sources, trails, major landmarks, nearby anthropogenic 
structures, etc.) LIDAR, LANDSAT, drone, and ground survey 
methods and technologies can be helpful. The local parks 
department or organization conceding the land may be helpful 
in this task.  
Assess Food 
Availability 
Set random transects or phenology plots within each habitat 
type. There are several methods that can be used to assess food 
availability, and food availability should include foods that are 
relevant to your species. References for methodology include, 
but are not limited to: comprehensive phenology (Marshall et 
al., 2014; van Schaik & Brockman, 2005), taxon(a) specific 
phenology  (Knott, 1999), fruit availability (Chapman et al., 
1992; Chapman et al., 1994), ground seed availability 




and flowers (van Schaik & Pfannes, 2005), and differing 
indices of fruit availability (Knott, 2005). Local people often 
have an excellent knowledge of the plant species, and 
involving and employing the local community, when 




The process of obtaining nutrition information for primate 
foods can be difficult (sampling, permits to collect and 
relocate) and expensive (nutrition analyses, permits). When 
possible, getting nutrition information from a scientist who 
studies the taxon(a) is the least expensive method [though 
there is significant nutrient variability within and between 
stems and habitats and through time (Chapman et al., 2003)]. I 
encourage scientists to make nutrition information available 
for conservation agencies. If you are not able to access existing 
nutrition information, select a variety of taxon-relevant foods 
from the habitat, and collect, process, and dry these using the 
methods detailed in Rothman et al. (2012). Contact the lab to 
which you’ll be sending your samples for information on 
minimum sample size. At a minimum, I recommend analyzing 
for total digestible energy, including available (or crude – less 
optimal) protein, lipid, NDF, ADF, lignin, and total non-
structural carbohydrates. Tannins and other plant secondary 
compounds can be assessed as relevant to your species. 
Detailed descriptions of these measures and methods are 
available (Conklin-Brittain et al., 2006; Rothman et al., 2012). 
Selecting the Site There are many factors that will go into site selection, 
including the adjacent land usage, connectivity to a donor 
habitat, land rights and length of ownership, cost, etc. It is 
important, however, to ensure that any habitat that could be 
selected has (or can support) foods appropriate to your species 
of interest. For orangutans, this has historically meant fruit, but 
I recommend that foods close to the orangutan intake target 
ratio of 10.1:1 NPE:P be included. This ratio can be derived by 
dividing the lipid + digestible carbohydrates (including fiber 
fractions that can be made accessible by gut microbes) by the 
protein (available or crude, see Chapter 4.) Including foods 
that are near the species appropriate NPE:P, which can often 
be non-fruit species, even for frugivores, will allow the 
animals access to a nutritionally appropriate diet. When 
information is available on the differing intake targets of 
different age-sex classes, foods that meet each of these intake 




Stage: Site Implementation 
Implementation Animals should be released according to organizational 
protocols. Prior to release, training animals to consume any 
habitat-specific available foods that they have not experienced 
before is helpful.  
Stage: Measurement & Management 
Monitoring Animals Adhere to organizational plans to monitor the health and 
success of the species. At least monitor released animals 
monthly to determine whereabouts and survival, and find and 
visually inspect the animal when possible. Other measures 
include monitoring for parasites, hormonal states, ketones, 
fecal temperature, and signs of infection or inflammation. 
Monitoring Food 
Availability 
Continue phenological assessments according to the 
methodology you selected to monitor the site’s available food 
and any fluctuations in food availability.  
Monitoring Food 
Consumption 
Focal animal follows or scan sampling should be used to 
periodically monitor what the animals are eating. Are they 
using the resources close to the intake target? Are they using 
complementary foods to achieve this intake target? A good 
resource for monitoring and measuring feeding behavior is 
Rothman et al. (2012).  
Table 6.1. Guide for selecting and implementing conservation and reintroduction sites 
containing foods that allow an animal to meet its nutrient intake target.  
 
Concluding Thoughts 
Science is a continually self-correcting endeavor that builds on the 
foundations of earlier findings and tests the utility of new methods, tools, and theories. 
Here, I have applied this element of science to better understand the more nuanced goals 
of wild Bornean orangutan foraging. For almost half a century, OFT was the predominant 
explanation of organismal foraging, and orangutans were characterized within OFT as 




importance of energy in the life history and reproduction of orangutans (Harrison et al., 
2010; Knott, 1998; Knott, 1999, 2005; Leighton, 1993; Morrogh-Bernard et al., 2009). A 
more recent focus on the interactions between nutrients and the overall nutrient balance 
that an organism seeks (Raubenheimer et al., 2009; Simpson & Raubenheimer, 1995, 
2012) allowed me to build on this foundation to begin looking at the more nuanced goals 
of orangutan foraging. From this, I found that orangutans do maintain a non-protein 
energy to protein intake balance, and prioritize protein intake. To accomplish these 
nutrient goals, orangutans do leave available fruits to consume non-fruit foods, and do 
navigate to non-fruit foods as often as to fruit foods. These findings begin to clarify the 
fit of orangutans as a model for ancestral hominins in our quest to understand the 
evolution of the human diet. Further, these findings have implications in the selection of 
conservation lands and the feeding of captive and rehabilitant orangutans — implications 





APPENDIX A. LIANA 2562 PHOTOGRAPHS 
Here I include plant photos of the unclassified liana #2562 mentioned in chapter 5 and 
table 5.4. 
 
Liana 2562. Orangutans ate the new leaves (indicated as “DM”, slightly pink 
colored and less turgid).  
 





2562 New leaf. 
	






2562 Mature leaf 
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